AD-A131 425  NUCLEAR WARFARE WATER CONTAMINATIONIU) SCIENCE
APPLICATIONS INC SCHAUMBURG IL J C PHILLIPS ET AL.
01 MAY 82 DNA-TR-81-127 DNA0OC1-81-C-0234

UNCLASSIFIED




oo r

= l_ W‘ "22

T
=" e

22 it e




,,.

-
b

L

s
»

;A
et

AWALY 1 4

/2

DNA-TR-81-127

NUCLEAR WARFARE WATER
CONTAMINATION

Science Applications, Inc
Chicago Office

One Woodfield Place Building
1701 E. Woodfield Road
Schaumburg, Hlinois 60195

1 May 1982

Technical Report

CONTRACT No. DNA 001-81-C-0234

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

THIS WORK WAS SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE X384081469 Q22QAXNAOOO01 H2590D.

S
S

Ly
< Prepared for DT‘ -
L FLECTE S
- Director U6 13 193 A
L DEFENSE NUCLEAR AGENCY ALL 1S 1535 ’
€2 Washington, DC 20305 Ve
'h '




N
\
A

Destroy this report when it is no longer
needed. Do not return to sender.

PLEASE NOTIFY THE DEFENSE NUCLEAR AGENCY,
ATTN: STTI, WASHINGTON, D.C. 20305, IF
YOUR ADDRESS IS INCORRECT, IF YOU WISH TC
BE DELETED FROM THE DISTRIBUTION LIST, OR
IF THE ADDRESSEE IS NO LONGER EMPLOYED BY
YOUR ORGANIZATION.

o




UNCLASSIFIED
SECURITY CLASSIFICATION OF TriS PAGE When Nata Fritere )
REPORT DOCUMENTATION PAGE BEF R COMPL T —M

1 REPORT NUMHER 2 GOVT ACCESSllON yo. 3 RECIPIENT'S CATALOG NUMBER

DNA-TR-81-127 ACUAAY 21 L\J:)
4 TITLE (and Subtitle) S TYPE OF REFPORT & PERIOD COVERED

NUCLEAR WARFARE WATER CONTAMINATION Technical Report

6 PERFORMING ORG REPORT NUMBER

7 AUTHOR: s, 8 CONTRACT OR GRANT NUMBER(a)

J. C. Phillips, J. A. Roberts, R. H, Sievers,

and R. Gminder DNA 001-81-C-0234

9 PERFORMING ORGANIZATION NAME AND AS RESS 10, PROGRAM ELEMENT PROJECT, TASK
Science Applications, Inc., Chicago Office AREA & WORK UNIT NUMBERS
One Woodfield Place Bldg., 1701 E. Woodfield Road Tack Q22QAXNA-00001
Schaumburg, I1linois, 60195

11 CONTROLLING OFFICE NAME ANG ACDRESS T 2. REPORT DATE
Director 1 May 1982
De fense Nuclear Agency " EE;:E“°FP“°ES
Washinqton, D, C,. 20305

T4 MONITORING ASENTY NAME & ADDHEN Y drtferent trom Controlling Ot e 15 SeCuRITY CLASS (of this reporr)

UNCLASSIFIED

[ 7S "DECL ASSIFICATION DOWNGRADING
SCHEDULE
N/A

16 DISTRIBUTICN STATEMENT (of this Repe

Approved for public release; distribution unlimited.

17 Q.sr;.gung.’; ;Trgugn‘r (of the abstrac: entered n Block 20, it different trom Report)

18 SUPRLEMENTAR, NCOTES

This work was sponsored by the Defense Nuclear Agency Under RDT&LE RMSS Code
- X384081469  (Q220QAXNAD0001  H2590D.

19 XEY WNRDS Conrtnus on reverse atde if neca<ar anda identify hy btock number)
Water Nuclear Warfare Radiation Monitoring
Fallout dater Purification
Contamination dater Decontaminatior

20 ABSTRACT Comtinue on reverse side ! necawvary and tgentify sy Slock numhber

The fallout contamination of watersheds and water supplies resulting from
surface burst nuclear weapons is sufficiently high to require the use

of water purification equipment to produce potable water that meets the
current radiological water quality standards. Problems with existing
radiation detection and monitoring equipment are discussed. A water
contamination wodel is described. .

DD iR 1473 ecimion of 1oy ssis omsoLeTe UNCLASSIFIED

SECUMTY CLASSIFICATION OF THIS PAGE (When Data Fnterey)




E
i
!

TABLE OF CONTENTS

Section Page
1. INTRODUCTION...... teseessesereasssarnasorenanse sesesaens cesees 5
2. THREAT CHARACTERIZATION..evsererueoenaannns cessessnnsescsesoss 1
2.1 Introduction...... Geesesecsacsraccssencstnnae cessessacsse 7
2.2 Contamination SOUrCESseececocscoacss cecevacessaansasssess 7
2.3 Water SOUrCeS.eeeeesessasessansasaanes cecesesnsssesasnens 11
2.4 Water Contamination Processes..... ceseseses sesesesasasens 14
2.4.1 Fallout Production, Transport, and Deposition..... 15
2.4.2 Radioactive DeCay.eeeeeeeesess seeresessnscacsananse 28
2.4.3 Dissolution of RadionucliideSeceeeceeennes sesesesss 28
2.4.4 Transport of Radionuclides by Precipitation
Runoffeeeeeneeens cesesersesnscses vesesesasane seess 30
2.4.5 Aquatic Mixing and Transporteceeciacecasss ceseesss 33
2.5 Water Contamination Modeleseeeeecneanene Cesesesesernsenes 34
3. THREAT RECOGNITION..... teeseeearesaersannesnn veesees cecacsseans 45
3.1 Introduction......... teseseaassesenes teseseseaneenanes sess 45
3.2 MWater Quality Standards..ceceveciecoceeones tessesanssenans 45
3.3 Radiation Monitoring EQUipmente.eeeeseecresaccoecsonssnans 49
3.4 Radiation Monitoring ProcedureS.ccesceeesecsncsosccnns vese B2
4. THREAT COUNTERMEASURES.eesavecsssososnssasnnsns cesseaen I 1
4.1 IntroductioN.ecessesecsnees teesesserseseaseeoanee ceeaceaes 55
4.2 Water Purification EQUIpmMENt.ceseceerseescannseanansass vees 55
4.3 Field Operations Policy and ProcedureS..ceeceeescocncss vess 57
5. CONCLUSIONS..eeeeneerensnanans seseesessetensesestsennserenons .. 59
6. REFERENCES.eieevcsonervens Veeecssassanaan cesesans creesestasnans 60
APPENDICIES
A. Water Source Information...eeeeveceses Cetseeseesecansnesans vees A-1
B. WSWCM - Watershed Water Contamination Model...ccveeenense cesees B-1
1

A




Figure

W O ~N & O & W N =

[
N - O

LIST OF ILLUSTRATIONS

Page
Idealized Fallout Pattern Parameters...........cccivuinvnnn. 9
SCENAriO Ara. ..o tenseoseesnsoracansacnssncasoencsonsons 13
1-135 Water Contamination ~ Problem 1.............cvviuinn, 36
Sr-90, Y-90 Water Contamination - Problem l................ 37
Te-131m, 1-131 Water Contamination - Problem 1............. 38
Total (40 Radionuclides) Water Contamination - Problem 1... 39
1-135 Water Contamination - Problem 2.......c00vivvinnnennn. 41
Sr-90, Y-90 Water Contamination - Problem 2................ 42
Te-131m, 1-131 Water Contamination - Problmm 2............. 43
Total (40 Radionuclides) Water Contamination - Problem 2... 44
TB MED 229 Requirements...coeevnrennernenenesnnnnensannnnss 46
STANAG 2136 (MED) - ReguirementsS...voeeeeneerronccanaseanas 48




Table

LIST OF TABLES

Page

Characteristics of Idealized Fallout Patternseeeceeeces.. 10
Radionuclide Ground ConcentrationS.ceceecesseeeecesenenee 17

Percent of Organ Dose Commitment for Specific
RadionUCT 1deSeeseseeerencsorenscossvrsccssaranssnsnnasnane 21

Percent of External Dose Rate for Specific
RAdTIONUCTideSeereeecasrossscsnrrasossscssncsosssssassassae 25

Selected Distribution CoefficientS.eeeeeeenncesnsnesnaness 31
Responses to Request-For-Information....veeeeieeeeenennnas 51




SECTION 1

INTRODUCTION

In the event of nuclear warfare, the raw water supplies available
to U. S. Army field units could become radiologically contaminated.
Water 1is essential to the health and hygiene of personnel;
radiologically contaminated water poses a physiological, and
pyschological, threat to personnel who are expected to perform
effectively in a radiologically contaminated environment. To address
the potential threat of contaminated water, the U. S. Army has
guidelines and standards for water quality, equipment and procedures
for the radiological monitoring of water, and equipment and procedures
for the purification of contaminated water.

This assessment of the nuclear warfare water contamination threat
is principally concerned with the equipment and procedures for the
monitoring and purification of radiologically contaminated water. The
assessment does not explicitly address water quality standards;
however, the standards are discussed in terms of the technical
performance criteria that they provide for the water monitoring and
purification equipment.

The objective of this water contamination threat assessment are:
(1) to characterize the contamination threat, (2) to identify field
methods for recognizing the contamination threat, and (3) to indicate
the effectiveness of possible threat countermeasures. The assessment
is focused on the water contamination threat associated with nuclear
warfare in Curope and is primarily concerned with the contamination of
rivers and streams by the fission products produced by a nuclear
weapon. With respect to the degree of detail of technical analysis,
the assessment is limited to a scoping level with the intent of

separating problems from non-problems.




————

Section 2 of this report addresses the subject of water
contamination threat characterization. It discusses water sources,
contamination sources, and the water contamination processes; a model
used to determine the time-dependent concentration of fission product
radionuclides dissolved in water is presented. The subject of water
contamination threat recognition is addressed in Section 3. The
ability to measure radiological water contamination in order to
satisfy sperified water quality requirements is discussed. Water
contamination threat countermeasures are discussed in Section 4 of
this report. The effectiveness of water purification equipment and
procedures are addressed. Section 5 of this report summarizes the
conclusions that were reached during this assessment. Materials cited
as reference within the report are identified in Section 6.
Supporting material is provided in two appendices: Appendix A is a
report on the water sources and characteristics within the geographic
area selected for study; Appendix B is a report that documents the
water contamination model developed for this assessment.




SECTION 2

THREAT CHARACTERIZATION

2.1 Introduction

Threat characterization refers to a determination of the
magnitude and duration of the radiological water contamination that
results from a specific set of circumstances and is expressed in terms
of the time-dependent activity concentration of radionuclides in
water. For a given contamination source and water source, the
radiological water contamination 1is determined by considering the
dissolution, mixing, and transport processes that affect the
contaminant material. A simplified computer model has been developed
to characterize the water contamination of rivers and streams by the
fission products produced by a nuclear weapon.

2.2 Contamination Sources

Within the broad concept of nuclear warfare, three general types
of radiological contamination sources can be considered: nuclear
weapons, radiological warfare agents, and nuclear sabotage or
terrorist actions. Although all three sources were initially
considered, this assessment quickly focused on the nuclear weapon
contamination source as the most significiant and relevant to the
overall objective of the assessment.

A nuclear weapon employed in the surface burst mode, either
intentionally or accidently due to a firing system error or failure,
can produce radiocactive fallout over a widespread area. The intensity
and extent of the fallout area is principally determined by the
fission yield of the weapon and the meteorological conditions that




o

occur during the fallout deposition period.* An idealized fallout
pattern (see Figure 1), based on the parameters given in "The Effects

of Nuclear Weapons," provides a convenient way of portraying a fallout
area.(l)** Table 1 shows some of the characteristics of idealized
fallout patterns. Note that a 10-KT nuclear weapon can contaminate an
area of approximately 9000 sz with a reference dose rate equal to, or
exceeding, 1 R/Hr at H+l hour. Clearly, a nuclear weapon has the
potential for contaminating a large area that encompasses hundreds of
individual watersheds that could service U. S. Army water supply

points ***

Radiological warfare was discussed in the popular press in the
1950's and the 1960's. One concept involved using special materials
within a nuclear weapon to increase the amount of radioactive material
produced. Another concept involved the localized dispersal or
emplacement of gross fission products or selected radionuclides.
Although scientifically feasible, such concepts have considerable
engineering and logistical difficulties; in addition, the military
utility of these concepts is not clear, nor is it clear how the
concepts would fit within a nuclear warfare strategy that emphasizes
the offense. Furthermore, based on discussions with representatives of
the Defense Intelligence Agency, it was learned that no specific or
credible radiological warfare threat is currently projected.(Z) There-
fore, no further consideration was given to the use of radiological

warfare agents as a possible water contamination source.

* In general, tactical or low-yield nuclear weapons generate their
yield by the fission process; strategic or high-yield nuclear
weapons use both the fission and the fusion processes. If part of
the weapon yield is obtained from the fusion process, the fallout
area will be affected since the fusion process does not produce
radioactive material to the extent that the fission process does.

** The number 1in the parentheses denotes a reference that is
identified in Section 6.

***Typically, watersheds in the European area considered in this
assessment had areas in the range of 10 Km to 50 Km .
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Figure 993 [llustration of idealized unit-time dose-rate pattern for early fallout from a
surface burst. (The contour dimensions are indicated for a dose rate of 1
rad’hr )

Table 9.93

SCALING RELATIONSHIPS FOR UNIT-TIME REFFRENCE DOSE-RATE CONTOURS
FOR A CONTACT SURFACE BURST WITH A YIELD OF W KILOTONS AND A 15 MPH

WIND
Reference Downwind Ground sero
dose rate distance Mavimum widih width
trads hry tstatute miles) (statute nules) (atatute miles)
1000 095 Wee D006 Wow 0026 Wes
1.000 TR Wea Q0 W 0060 Wi
W0 4S5 How [URR R 020 Bee
100 NGO Whe 03I Wew 039 Wee
0 16 Wo e 076 Wow 081 Wee
10 24 W e P4 W 0GR W
3 30 Wee 2 Wee 0 R9 Woa
] 40 Wo e 111 Woa [ Woae

Fiqure 1. ldealized fallout pattern parameters
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Nuclear sabotage or terrorist action has been the subject of much
discussion for the past several years. Studies of postulated
acciderts at nuclear facilities tend to focus on 7jroundwater
contamination rather than surface water contamination; the resulting
level of water contamination and the time scale on which the
contamination occurs indicate that such events are 1long term
environmental problems rather than problems of concern in a nuclear

warfare environment.(3)

Conceivably, material stolen from a nuclear
facility could be used to cause the contamination of a water supply
source, for example, a spent reactor fuel assembly, scolen from a
power plant or during shipment, could be dumped into a water reservoir
or lake. The potential level of water contamination associated with
such an event could be rather high, on the order of 300,000 pCi/:
(gross fission products);* however, the extent of the water
contamination could be quite localized. Since nuclear weapons have
the potential for equally severe levels of water contamination over
wide scale areas,** there appeared to be no particular benefit to any

further study of hypothetical nuclear sabotage or terrorist actions.
2.3 Mater Sources

In general, the variety of raw water sources includes springs and
wells, rivers and stream, lakes and ponds, and ocean bays and harbors.
However, within the context of nuclear warfare in Europe, the
imposition of strict radiological defense measures will 1limit the
selection of raw water sources to those sources that have sufficient

* A spent fuel assembly contains roughly 600,000 Ci of gross fission
products after a cooling time of one year.(4) It is estimated that
0.1% of the fission products would be released into the water (see
Reference 5). A small reservoir or lake having an average depth of
10 ft. and a water surface area of 0.25 miZ contains 2 X 10 7: of
water.

**In Section 2.5, a model is presented that correlates the level of
water contamination with the level of fallout contamination. For a
fallout level of 1 R/Hr at H+1 hour, the water contamination is
initially around 108 pCi/: and drops to about 105 pCi/ ¢ in about 10
days.

11




capacity to support the operation of an engineer water supply point.
In addition, only those raw water sources that are locally available
to the field forces are of interest.

For this water contamination threat assessment, the focus was on
a preselected nuclear warfare scenario area in West Germany bounded by
Marburg, Giessen, and Frankfurt am Main on the west, and the Fulda
River Valley on the east (See Figure 2). Descriptive information on
the water source characteristics of this area are contained in
Appendix A.

Within the scenario area, the primary raw water sources are
rivers and streams. Based on a map study (scale 1:50000) of the area
and in accordance with U. S. Army Engineer School doctrine, thirty
water supply points were identified and the specific watershed area
for each water supply point was delineated. The area of the

watersheds ranged from 8 sz to 60 sz, with an average value of 20

sz. For a typical watershed, the stream or river area was about 0.1%
of the total watershed area and the estimated average stream velocity
at the watershed exit was 0.6 m/s. In the absence of precipitation
runoff, the typical volumetric flow rate ranged from 38 ¢ /s (36,000
gph) to 100 ¢ /s (95,000 gph), with the lower flow rate occurring in
July, August, and September and the higher flow rate occurring in

February, March and April.

Precipitation occurs frequently (on almost half the days) within
the scenario area with the largest amounts of rainfall typically
occurring in June, July, and August. When rainfall sufficient to
promote surface runoff occurs, the volume of water associated with the
precipitation runoff can be a factor of 2 to 5 times more than the
volume of water present on the watershed during dry conditions. This
volume of surface runoff water will flow off the watershed into the
stream or river over a period of four days.

12




P3UR O(URUIIS

A
.f\‘ 1rrgeken ) o
1]

gy

Su?t:u \/ \)\Jl\ g regen
puvutoy

:.\\:\:EE g Yoy,

5&5\.:::\:\\ X :..::?

o e
mysy /m w ~ e crispioon
sy sy
Wath

| Ped N st f‘ﬂ

BIpUy sy /

UG 1

m_:c_.cc
:! s i Pe
Wois, AT

PR

o

g reanfog , [ ;:el\ .
N i, \h\\ vatuypng
N = EEQ:._? S ecf.::!«'U
s x 2 o /?.\.SYL
o«K ! 1 S .
Lo m Gy i\wlwrkn s o) 3 2" X\.E.
ey iHY Ny \ lisiioam
wlle, -
n by "y \~\

s gy g 1 :.\::\&\\ “ -.\.\!o\. —
- / . P4

AN s

dso

Yyrimr
L Mooy

. ; sy Iy
o aprasnoy x:\u ;:.E_: N Y104 gy
vrrngmpef woppogry” {
R gy 1orioy " Ao f 5
MR v N EAVAIAY -
sy B ¥
nE: LA IR0 SR VO

,oo .
M T D s

- . e
ﬂl\\c._ Z \..m u ” ::Q&L 0y

¥y :!\\- N "
ﬂ*\\ / /:S&?:.\ s L
540

. Joivmys sunn y
.:t . 7 N= o

O prySIY,
\ 8\:2 tactoy ot

\\JQ kN IR
R OTZZAN PRLIAN
« 7 ., rd
AN [y
.. o .,324«1\ o s gy ¢ M N
praspbisy O 7 PlagsIaH pri Tt
’ & ey \ i npesad 10w S?\:.\EY&Z:\ o 2PN wbidissprar,

gy

TR 7/ :
A
pprearn ;\ T apnriasie 7
/ i B i

DIGudrt Tir.0q o

*2 ounb iy

13




W ———

2.4 Mater Contamination Processes

The radiological contamination of rivers and streams that would
occur due to the radioactive fallout from a nuclear weapon detonation
is the result of several different processes. Fallout material is
produced, transported by the winds, and then deposited on the
watershed area. The fallout material that is deposited on the water
surface will experience dissolution, mixing, and transport, along with
radioactive decay. The fallout material that is deposited on the land
surface will initially experience only radioactive decay, but
subsequent precipitation could dissolve the material and transport it
to the watershed stream or river where it mixes with the channel water
and is transported out of the watershed area.

The processes that must be considered to determine the
radiological water contamination thus include:
o fallout production, transport, and deposition,
radioactive decay,
dissolution of radionuclides in fallout material,
transport of radionuclides by precipitation runoff, and

aquatic mixing and transport.

These water contamination processes, with the exception of the fallout
production, transport, and deposition process, have been incorporated
into a simplified computer model developed for this assessment. A
detailed description of the water contamination model is provided in
Appendix B.

The following material provides a discussion of the water
contamination processes identified above, with emphasis on the
approach used to incorporate the processes into the model. It should
be noted that this water contamination model addresses the water
concentration of soluble radiocactive material; insoluble radioactive
material is not considered since such material can be easily removed
from the water by simple filtration methods.

14




2.4.1 Fallout Production, Transport, and Deposition

The process of fallout production, transport, and deposition
determines the 1initial surface contamination of the watershed.
Typically, the output of a fallout model specifies the unit-time
reference dose rate (e.g., 10 R/Hr at H+l hour) within the
fallout field. For the purposes of the water contamination model, it
is necessary to know the specific radionuclide ground concentrations
(e.g., Ci/sz at H+l hour for Sr-90) that correlate with the unit-time
reference dose rate. Since the prime concern is with the radionuclide
composition of the fallout, rather than the specific dimensional
characteristics and orientation of the fallout pattern dose rate
contours, it is appropriate to use idealized fallout patterns, like
those discussed in Section 2.2 and Reference 1, to determine unit-time
reference dose rates and then employ a separate procedure to convert
the dose rates to radionuclide ground concentrations.*

A methodology to correlate radionuclide ground concentrations
with fallout radiation dose rates, recently developed by SAl for use

on DNA's Nuclear Test Personnel Review (NTPR) program is contained in

(7)

a computer code named FIIDOS. The radionuclide inventory and

associated gamma radiation emission spectrum are determined for a
mixture of fallout material that includes fractionated fission
products, 1light elements which were made radioactive by neutron
capture or activation, and heavy elements or actinides which were part
of the nuclear weapon or resulted from neutron capture by weapon

*Tnitially, consideration was given to the use of the DELFIC fallout
code (Reference 6) to calculate radionuclide ground concentrations
directly. However, since DELFIC outputs mass chain depositions
rather than specific radionuclide depositions, the code would have
required modifications. In addition, the use of a sophisticated
fallout «code 1ike DELFIC «could have obscured the important
relationship between radionucliide ground concentrations and fallout
dose rate contours by focusing too much attention on the mechanics of
the fallot process and the details of the fallout pattern.

15




material. By using gamma radiation exposure factors to determine the
above-ground dose rate that results from the calculated gamma
radiation emission spectrum in a planar source geometry, the
relationship between the dose rate and the surface-distributed
radionuclide inventory is established. It should be noted that to use
FIIDOS the user must provide fallout material characterization data to
treat the fractionation of fission products and weapon test data to
specify the inventory of activated light elements and actinides.

The fallout radiation dose rate-radionuclide ground concentration
correlation developed for this assessment is based on a source
consisting of unfractionated U-235 fission products. It is recognized
that because of fission product fractionation the composition of the
fission product material within a fallout field is not uniform and the
relative abundance of a radionuclide in a fallout field is not the
same as that observed in laboratory experiments or calculated by basic
fission product buildup and depletion computer codes. However, the
inclusion of fractionation effects would represent an added complexity
that is not necessary, or appropriate, for the purposes of this
assessment and could impact the results of the assessment in a
non-conservative manner by causing some important elements (e.g.,
iodine and strontium) to be partially depleted from the radionuclide
inventory. The source term used for the correlation does not include
activated light elements or actinides; although such radionuclides
generally account for less than 10% of the radioactivity in the
fallout material, there are some radionuclides (e.g., isotopes of
plutonium) that could possibly be of significance to radiological dose
estimates. However, the inclusion of such elements in the source term
would require gross assumptions about nuclear weapon design or access
to classified design and intelligence information.

Table 2 lists the radionuclide ground concentrations (Ci/Km2 at
H+1 hour) for a mixture of unfractionated U-235 fission products that
is referenced to a fallout deposition contour that has an above-ground
external radiation exposure rate of 1 R/Hr at H+l hour. For
completeness, the table includes all the radionuclides, with the

16




Table 2. Radionuclide ground concentrations

Activity Activity Aetyvity
Radionuctide  (Li/jxm) Radionuctide  (Ci) ) RPadionuilide  (Cidvr-)
H-3 2.0 - 04 Rb -y 2,40 - 04 hb-99 2.13 - 04
n-72 6.08 - 0J Rb-a6n 5.7V - 19 Mo~97 .04 + 02
n-73 3,56 - 10 Rb-&7 2.9 - 17 Mc- 101 .60 « 03
Gi-70 3.01 - 04 Rbh-£8 Toi% v (3 Mo-102 7.23 0+ 3¢
Ga-73 2,00 - 01 Rb-&9 1.77 4+ 03 Mo-103 2.59 - 12
Ga-7% 1.57 - 01 Rb-¢0 2.0 - 01 Mo-104 525 - {7
Ga-75 Lo - 0 Rh-an- 1.2/ - 00 Mo-105 7..0 - 16
Ge-73m 2.03 - 01 Rb-31 963 - 13 Tc-99 7.3 - 03
Ge-75 2.14 - 00 Sr-374 2.06 - 04 Tc-99m q.70 - 00
Ge-75m 3.52 - 09 Sr-52 406 - 00 Te-100 .32 % (3
Ge-77 7.36 - 1 Sr-90 2.7 - Te-102 7300+ 02
G- 771 Sr-a1] €.th + 07 Tc-100m 1.£5 - 03
Ge-Tt Sr-%2 1.93 + 02 Te.-103 1.8 - 12
R 300 -0 Sr-93 J030 e 0 Te- 1048 T.ul o+ 03
Av -0 166 - (0 Sr-34 1.60 - 03 Te-108 £.27 400

Aw-77 .76 -0 ¥-30 569 - Q2 Te-109 1.2 - l&

-7 .16 - 31 Y- a0~ 3.27 - 03 Ru-102 4.7 - 00
s .74 - Y-91 2.05 - Q1 Ru-105 2.66 + 02
-7 TR .0 y-aim 2.0+ 7 Ku- 106 7.88 - 07
Se- 1o Y-Q? 4.06 + 02 Ru-1G7 3.7 -0
Se-71 .01+ 01 Y-33 6.63 4+ 02 Ru-108 3,01 - 01
Se-s] Poos e Y-a4 2.85 + 03 ku-109 4.58 - 18
Se-s]e 1.3+ -0 ¥-a5 H.6r ¢+ 02 Rh-103m 2.12 - 00
Leen 1.0« r Y-4b 2.66 - 02 Rh-104 8,37 - 08
e X SIS Jr-90: 1.29 - 05 Rh-104m 7.04 - QF
et 7,44 -0 Ir-03 453 - 03 Rh- 105 5.73 - 00
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Br-15 nro- Nt L0l Rh-111 a3 - 14
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Table 2,

Radionuclide
Pd-100m
Pa-111
Pa-11 10
Pd- 137
Pa-115
Pa-111
RUER R
Ag-Tin
Ag-111
Ag-1ian
Ag-110

AG-)];

Ri-11 7
Cg-11n:
C-113
Cet-11%
Cg-1tham
Cda-11/
Cd-117m
Cda-11a
Cog- i
G-

a1 .

;n-}id
In-114
In-117

In-120

Radionuclide ground concentrations (cont'd)

Activity
{Cifhm)

3.

ro

™o

(251

[=A V=Y

+

m
0!
ar
0

ol
i7

Radionuclide

In-120m
In-12M
In-1223-
Sn=-11yr
Sn-1.01
Sn- g0
-1y
Sn-1.3
Sn-1.0%
Sne 106
=16
Sn-1.07
Sn-107m
Sn- 10
Sn-10w
Sn-1 M

Sn-130

on-137
Sr-s)
e
RN
Sb-13
St-10p
Sh-17%
Sh-106
T
Sh-10
Sb-ir2
S50
Sb-129
Sb-120
Sty i
Sh-131
Sh-132

Sh-132m
Sb-133

Te-17
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Activity

(Cizvn )

7.26 - 19
5.87 - 04
3.73 - 20
.77 - 0.
T.56 - Q0
AT - O
Q.14 - g:
1.62 + 01
Lo -
5.64 - 00
1.93 - 07
Q.47 + M
7.00 - o
3LEL 4 ar
130+ o3
5.99 - 03
3.83 - i
H.78 - 13
5.9 -
2233 - 06
5.71 - 02
T - 08
.88 - 42
PG

ALY AR
2.68 - 0]
2016 - 0

5.71 - an
5.3V + 7
C.a0 4 L
t.ie + o1
1.02 < s
T.Es +o M3
1,872 - g
&85 -0
2.07 - 03}
5.06 - 11

Radionug 1ide
Te-125m
Te-127
Te-127m
Te-129
Te-129
Te-131
Te-131m
Te-132
Te-133
Te-133m
Te-134

1-12s
1-i29
[-13G
I-1350m
I-131
=132

1-153

Us-138
Co-12ny
Cs-13b
Cs-137
Co-1.n
(-T2
Ce-149
Ga-137

Ba-136m
Ba-13"m

Ra-139

Activity
(Ligrer)
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Table 2.

Radionuclide
Ba-140
Ba- 141
Ba-142
La-138
La-140
La-141
La-142
La-143
La-144
Ce-1241
Ce-142
Ce-143
Ce-144
Ce-145
Ce-146
Ce-147
Ce-148
Pr-142
Pr-142m
Pr-143
Pr-144
Pr-144p
Pr-145
Pr-146
Pr-147
Pr-142a
Pr-149
Nd-147
Nd- 149
Nd-151
Nd-152
Nd-153
Nd- 154
Nd- 156
Pm-147
Pm- 148
Pm-148m

Activity

(Ci/Km")

2.3 + 0
2.50 + 03
7.53 + 02
2.47 - 17
6.32 - 0]
1.49 + 03
3.01 + 03
1.54 + 03
6.02 - 22
9.33 - 01
2.05 - 12
1.95 + 02
.42 - 0
3.29 - 01
7.98 + 02
5.18 - 11
9.82 - 21
2.03 - 06
5.04 - 06
2.98 - 01
9.33 - 01
1.20 - 02
6.86 + 02
2.66 + 03
5.01 + 02
8.61 - 0%
4.80 - 04
1.05 + 01
5.22 + 02
2.98 + 01
4.99 + 0]
1.08 - 12
4.29 - 0
1.14 - 16
9.84 - 08
5.30 - 06
6.97 - 07

Pm-149
Pm-150
Pi-151
Pm-152
Pm-152m
Pm-153
Pm-154
Pm-154m
Pm-157
Smi-151
Sm-1£3
Sm- 155
Sm-156
Sm-157
Sm-158
Sm-159
Sm-160
Eu-152
Eu-152m
Eu-154
Eu-155
Eu-156
Eu-157
Eu-158
Eu-159
Eu-160
Eu-162
Gd-153
Gd-159
Gd-161
Gd-162
Gd-163
Gd-164
Gd-165
Th-160
Th-161
Tb-162
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Activity

(Ci/kn?)

5.20 - 04
7.95 - 02
5.83 - 02
2.43 - 03
1.32 - 01
1.19 - 01
9.84 - 05
3.99 - 08
5.39 - 14
3.26 - 09
9.61 - 03
2.33 - 00
7.02 - 01
3.61 - 01
3.61 - 00
1.17 - 05
9.65 - 03
2.96 - 11
3.36 - 07
2.87 - 08
7.18 - 07
2.59 - 04
2.03 - 02
3.78 - 01
2.73 - M
1.39 - 20
2.18 - 04
1.63 - 12
2.16 - 03
1.67 -~ 05
1.24 - 02
3.71 - 12
8.72 - 03
3.73 - 12
1.07 - 08
4.59 - 06
5.76 - 0%

Radionuclide ground concentrations (cont'd)

Radionuclide
Tb-162m
Tb-163
Tb-164
Dy-165
Dy-165m
Dy-166
Ho-166
Ho-166m

Activi

(Ci/xnd)
6.18 - 04
1.36 - 03
8.93 - 08
5.76 - 05
3.61 - 17
1.15 - 05
1.40 - 07
3.66 - 13




exception of the isotopes of the noble gas krypton and xenon, that are
present after a decay time of one hour.

It is not necessary to consider all the radionuclides listed in
Table 2 to adequately characterize radiological water contamination.
The most significant radionuclides have been identified by a screening
process that considered the relative contribution of each radionuclide
to potential ingestion doses.* Based on unfractionated, U-235
time-dependent fission product inventories obtained from FIIDOS and a
50-year, ingestion dose conversion factors obtained from
ORNL/NUREG/TM-IQO,(S) the percent of the total dose commitment to
specific body organs has been calculated for each radionuclide. The
results of such calculations are shown in Table 3 where those
radionuclides that contribute more than 1% to the organ doses are
identified. Clearly, a host of radionuclides could be significant to
the ingestion dose from contaminated water and the relative importance
of specific radionuclides is both time and organ dependent.

For the radionuclide screening process described above, the focus
was on the internal dose associated with the ingestion of
radiologically contaminated water. Similar calculations, using dose
rate conversion factors for external exposure,(g) have been used to
determine the significance of radionuclides to the external dose rate
associated with immersion in radiologically contaminated water. The
external exposure pathway is not of concern to this assessment;
however, the external dose rate does provide an indication of the
radiation dose rate that might be measured by radiation instruments.
Table 4 shows the results of the external exposure calculations for

both beta and gamma radiation.

*Tt is recognized that fission product fractionation during fallout
formation and the effects of solubility during the contamination
process will affect the radionuclide composition of the fission
product debris in water. It is also noted that the use of 50-year,
dose conversion factors might not be appropriate for addressing
wartime doses. Nevertheless, this approach is still adequate as a
screening process for the identification of important radionuclides.
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Table 3. Percent of organ dose commitment for specific radionuclides*.
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*Organ dose commitments were calculated for a mixture of unfractionated

U-235 fission products based on 50-year ingestion dose conversion factors.

Calculations were performed for specific decay times: H-hours, D-days.
M-months, Y-years. Totals might not give 100 due to rounding.
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Table 3.

Percent of organ dose commitment for specific radionuclides {cont).
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Table 3. Percent of organ dose commitment for specific radionuclides (cont).
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Table 3. Percent of organ dose commitment for specific radionuclides (cont).
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2.4.2 Radioactive Decay

The process of radioactive decay is important to considering the
time dependency of the radiological water contamination. Since
radionuclides are typically part of a chain of isotopes connected by
the process of radioactive decay, the decay of one radionuclide is
frequently the source of another radionuclide.

In the water contamination computer model wused for this
assessment, radionuclides were treated as parent or daughter members
of a two-member, radionuclide chain. Since some radionuclide decay
chains contain more than two members, this approach sacrifices
accuracy for modeling efficiency and simplicity. However, frequently
only two members of the chain are radionuclides that are actually
important to water contamination.

2.4.3 Dissolution of Radionuclides

The dissolution of radionuclides in fallout from the solid phase
to the liquid phase is probably the most important water contamination
process. The degree to which the radionuclides in fallout material
are soluble or insoluble in water, and the rate at which the
radionuclides dissolve are basic to the modeling of radiological water
contamination. Unfortunately, the available information on the
solubility and dissolution rates c¢f radionuclides in fallout is quite
1imited.

Most of the statements found in the literature regarding fallout
solubility refer to fallout as basically insoluble. The statements
are typically based on measurements of fallout solubility in terms of
the gross beta radiation activity before and after water washing of
fallout particles collected during nuclear weapons tests. Generally,
1% to 3% of the gross beta activity is removed from the fallout

material by such washings.(losllslz)
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There are very few references in the literature regarding the
specific radionuclides in fallout that are soluble. A group of six
radionuclides (i.e., Sr-89, Sr-90, Ru-106, I-131, Cs-137, and Ba-140)
have been labeled as soluble in some water contamination

studies.(13’14)

However, no substantial discussion of the solubility
of specific radionuclides in fallout has bdeen found. Similarly, there
are few references in the literature regarding the dissolution rates
of radionuclides in fallout. Solubility rates for actual fallout
particles are discussed by Larson(lo)

artificial fallout particles have been performed.

and some experiments with
(15) However, no

substantial models, theories, or results have been found.

In the absence of the necessary fallout solubility data, the use
of radionuclide-specific distribution coefficients provides a
convenient and reasonable approach for fallout solubility modeling.
The concept of the distribution coefficient, Kd, was originally
developed from ion-exchange theory to represent the equilibrium
distribution of a trace constituent between the solid exchanger and
the solution. Currently, the distribution coefficient concept is
being used to quantify the chemical interaction of radionuclides with
soils and minerals for the assessment of the contamination of water
bodies by releases from nuclear power plants and for the analysis of
the impacts of potential releases of radioactive material from nuclear

waste repository facilities.'18+17)

A distribution coefficient is defined as:

Kd = amount of radionuclide sorbed on solid phase
amount of radionucTide Teft 1n solution

Since the solid phase activity is usually expressed in units of Ci/g
and the liquid phase activity in units of Ci/m¢ , Kd typically has
units of m+¢ /g. For a specific element, the value of Kd is dependent
upon the chemical state of the element, the type of solid matrix in
which it exists, the physical characteristics of the solid and liquid
phases, and the nature of the dissolution process; however, the actual
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relationship of the value of Kd to these parameters is generally not
known. Values of Kd are normally determined by laboratory or field
experiments and can exhibit a wide range; for example, the Kd value
for Zr ranges from 1000 to 10000 m : /g and the value for Sr ranges
from 8 to 4000 m */g.

Table 5 shows selected values of distribution coefficients for
those elements whose radioisotopes are considered in the water
contamination model. As cautioned in Reference 16, it is a gross
generalization to prescribe single-valued, non-specific distribution
coefficients; although it is recognized that such parameters are
needed by computer modelers for preliminary or scoping studies.
Reference 16 suggests that median Kd values, like those shown in Table
5, should be considered to vary by a factor of 10 for those values
greater than 100 m ¢ /g.

The distribution coefficient refers to the phase distribution of
a radionuclide at equilibrium. For the fallout material deposited on
the water surface, it is assumed that equilibrium is reached within a
time period corresponding to the time constant of the mixing tank
model of the watershed (see Section 2.4.5). For the fallout material
deposited on the land surface, it is assumed that equilibrium is
reached instantaneously and maintained for the four days that the
runoff water remains on the watershed. These assumptions about the
time to achieve equilibrium are, in effect, assumptions about the rate
at which the radionuclides in the fallout dissolve. As pointed out
above, there is no strong basis for supporting such assumptions;
nevertheless, such assumptions are necessary in order to model the
water contamination processes.

2.4.4 Transport of Radionuclides by Precipitation Runoff

The importance of precipitation runoff with respect to water
contamination was not generally recognized until the late 1960's.
Prior to that time, the focus had been on the pollution caused by
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Table 5. Selected distribution coefficients*

Kd
Element (mi/g)
Ba 500
Ce 10,000
Cs 1,000
I 10
'a 500
Mo 25
Nb 10,000
Nd 10,000
Pin 10,000
Pr 10,000
Rh 5,000
Ru 5,000
Sb 100
Sy 1,000
T 1
Te 190
Y 1,000
7r 1.000

* " “amount of radionuclide sorbed on solid phase (vi/g)
Kd - D e~ == = A e e "‘5‘9'
amount of radionuclide left in solution (Ci/m:
The above Kd values were taken from References 16 and 18 and represent
mean or best-estimate values. Kd values greater than 100 m:/g should

be considered to vary (+) by a factor of 10.
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point sources as opposed to nonpoint sources Now, it is estimated
that nonpoint sources of pollution account for more than half of the
total water quality problems in the United States.(lg)

Radiological water contamination by nonpoint sources has received
little, if any, attention 1in the current Jliterature on the
environmental impacts of nuclear facilities, since such facilities
correspond to point pollution sources. The principal source of
radiological nonpoint pollution has been the atmospheric testing of
nuclear weapons; however, with the cessation of such testing by the
major nations, the subject has received little attention.
Nevertheless, the environmental contamination of water supplies by

(20)

fallout has been noted as a source of background radiation and a

possible concern in connection with the long-term impact of strategic
nuclear warfare.(ZI)

The transport of radionuclides from the land surface into the
local river or stream by precipitation runoff is an important water
contamination process in this assessment. As pointed out in Section
2.3, and discussed further in Appendix A, within the selected nuclear
warfare scenario area sufficient rainfall occurs with such frequency
that precipitation runoff is a common occurrence. Furthermore, for a
typical watershed area, the stream or river area is about 0.1% of the
total watershed area, indicating that the land surface of the
watershed area provides a large area source for potential water
contamination.

The volume of surface runoff water that results from a given rain
is determined by the area of the watershed, the amount of water
deposited by the rain, and the prior precipitation history of the
watershed. This volume of water flows off the land surface into the
local water channel is a non-linear fashion that continues for about
four days. The subject of precipitation runoff is discussed in
various civil engineering texts, the specific approach used for this
assessment is discussed in detail in Appendix A.
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While the potential precipitation runoff water remains on the
land surface, it effects a phase separation of the radionuclides
present in the deposited fallout material. The radionuclides that are
partitioned into the liquid phase are subsequently transported off the
watershed into the local river or stream by the runoff water flow,
assuming uniform mixing with the water. The radionuclides that are in
the solid phase are assumed to remain on the land surface and be
subjected to further dissolution by subsequent rains.

It should be noted that this approach omits two processes that
would actually affect the water contamination: (1) the transport of
radionuclides down into the soil depths by precipitation that
infiltrates the soil, and (2) the transport of radionuclides as
particulates, or solid phase material, off the watershed. The
omission of radionuclide leaching into the soil will cause the model
to overpredict the water contamination; however, this effect is
expected to be rather minor and only of concaern at late times, e.q.,
several weeks after the initial fallout contamination. The omission of
particulate transport is not 1ikely to be of much significance and is
acceptable as long as it is understood that the model is mainly
concerned with the radionuclides dissolved in the water.

2.4.5 Aquatic Mixing and Transport

A host of aquatic mixing and transport models are described in
the technical 1iterature.(16’22) Most of these models are designed
for situations in which the water contaminant is introduced by a
continuous, point source. Sophisticated models that can address
various mixing and transport parameters and provide time-dependent
modeling are also available. 1In general, however, the available
models appeared to be too detailed and too complex to warrant
application to this assessment; in addition, it was not obvious that
modifications to such models to accomodate a nonpoint contamination

source would be warranted.
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For the purposes of this assessment, the stream or river within
the watershed is assumed to be a "mixing tank" with instantaneous and
uniform mixing of the radioactive contaminant with the water. The
concentration of the radioactive contaminant at the outlet of the
mixing tank (which corresponds to the location of the water supply
point) is then determined by the intitial concentration in the tank
and the number of volume changes per unit time (the flow rate divided
by the tank volume). The initial concentration of the radiocactive
contaminant is obtained from fallout calculations that give the areal
density of deposited radionuclides. Information on the water volume
and flow rate for various watershed is obtained from the water supply
point study given in Appendix A.

2.5 MWater Contamination Model

A simplified computer model has been developed to characterize
radiological water contamination.* The Watershed Water Contamination
Model (WSWCM) calculates the time-dependent activity concentration of
fission product radionuclides dissolved in water that could result
from the deposition of nuclear weapons' fallout on a watershed. WSWCM
considers both the prompt water contamination that would result from
the fallout material deposited directly in the water and the delayed
water contamination that would result from the fallout material
initially deposited on the land surface and subseguently transported
to the water by precipitation runoff. A1l activity is assumed
initially to be associated with solid particulate fallout. The
activity may leave the watershed only by radicactive decay or by being
dissolved in water which flow past the water supply point.

¥K detailed description of the model, WSWCM, is provided in Appendix B.

34




The principal characteristics of WSWCM are: (1) the watershed is
modeled as a mixing tank, (2) radionuclide-specific distribution
coefficients are used to address fallout solubility, and (3) the model
treats radioactive decay including daughter 1in-growth. It s
important to note that WSWCM addresses radioactive material in
solution but does not incorporate any modeling of particulate or
sediment transport.

The input data/information used by WSWCM falls into three main
areas: (1) fission product radionuclide data, (2) information on
watershed and precipitation characteristics, and (3) data and
information on the solubility modeling. The data necessary to perform
water contamination calculations for the selected scenario area is
included in WSWCM. The principal product of WSWCM are plots of the
activity concentration in water (pCi/:) as a function of the time
since the fallout material was deposited (hr), for specified
parent-daughter radionuclide pairs.

WSWCM was applied to a situation in which the initial fallout
contamination of a specific watershed was 1 R/Hr at H+1 hour and a
rain occurred on the 6th day after the fallout was deposited. The
results of the model are shown in the following figures. As can be
seen in the figures, three typical types of radionuclide behavior are
observed. Figure 3 shows an example of a radionuclide (I-135) that
decays so rapidly that it presents an initial, but not a delayed,
water contamination effect. Figure 4 shows an example of a
radionuclide parent-daughter pair (Sr-90, Y-90) that presents a rather
constant level of water contamination. Figure 5 shows an example of a
radionuclide parent-daughter pair (Te-131m, I-131) that presents both
an initial and a delayed water contamination effect. Finally, Figure 6
shows the composite effect of all the radionuclides considered for the
specific problem. Clearly, both the initial and the delayed water
contamination processes are of possible significance. In addition,
radionuclides having long half-lives and low solubilities could cause
a rather persistent water contamination problem.
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To better illustrate the above concerns, WSWCS was applied to
another watershed that was contaminated at the level of 1 R/Hr at H+l
hour but with 21 rains occurring over a period of about 40 days. The
results of this simulation are shown in Figures 7 through 10 for the
same radionuclides considered in the previous problem. The presence of
persistant water contamination, albeit at a level much below the
initial water contamination level, is clearly illustrated.

As seen in the figures, WSWCM provides a convenient tool for
analyzing water contamination problems. Hoviever, it should be
recognized that the model is really quite simple and contains several
rather basic assumptions about the behavior of fallout particle
radionuclides in water. WSWCM should be considered as a scoping
method that provides order-of-magnitude results.
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StOTION 3

THREAT RECOGNITION

3.1 Introduction

Threat recognition refers to the detection and measurement of
radiological water contamination. Technical performance criteria for
radiation detection and wmeasuring equipment are based on the
requirement to show conformance with specified water quality
standards. Field-portable radiation detection and monitoring equipment
currently available and under development does not appear to have the
capability to adequately monitor water contamination at low levels of
radioactivity. Procedures for radiation detection and measurement
could be used to indicate compliance with water quality requirements,

in lieu of demonstrating compliance.

3.2 Water Quality Standards

esently, standards and requirements that relate to
radiologically contaminated water are contained in a 4. S. Arny
technical bulletin and & NATO standardization agreement. As discussed
below, both of the documents are currently being revised and their

final forms cannot yet be ascertained.

The most specific water quality standards regarding water
contaminated with radiocactive material are given in TB MED 229f23%8
MED 229 addresses both fixed installation and field water supplies;
for fi.id water supplies, radiological water contamination criteria
are given for short-term and long-term usage (see Figure 11). The
short-term criteria dare not specific with regard to acceptable levels
of water contamination and no numerical criteria are given. The
long-term criteria do provide specific numerical ciiteria (i.e., 1000
pC1/  gross beta activity and 10 pCi/. strontium-90)} by imposing the

criteria for fixed installations on the field water supplies.
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Short Term
(less than 7 days)

Long Term
(more than 7 days)

TB MED 229 Requirements

Radiological Contamination - Field Supplies

For short term consumption, no absolute
numerical standard is recommended or
considered necessary  This is based on
the conclusion that if the external
radiation hazard permits occupancy

of the water point, the water is
suitable for consumption during
occupancy not exceeding the one-week
period

(Same as for fixed installations)
Gross Beta Activity 1000 pC/
Strontium 90 10 pC/.

Figure 11.

e e MWMM -

T8 MED 229 requirements
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TB MED 229 is currently being revised and this revisioning will
result in two new technical bulletins. TB MED 576 will address the
fixed installation portion of 7B MED 229, TB MED 577 will address the
field installations portion ot TB MED 229. For fixed installations, TB
MED 576 will adopt new drinking water standards that impose stringent
Timits on the allowable radicactivity (i.e., 50 pCi/: gross beta
activity and 8 pCi/ ¢ strontium-90).

At present, 1t is not known what reguirements will be imposed on
tield installations by TB MED 577. Since the field installations
sortion of TB MED 229 will remain in effect until TB MED 577 1s

published, the new water contamination limits for fixed installations,

tu be given in 7B MiD 576, will not be cutomatically adopted fur the
field installations. [t is possible that TB MED 577 will not specify

Jny numerical criteria for radiclogical contaminated water.

Radioloyica! water c¢ontamination is also addressed in the NATO
standardization agreecent STANAG 2136 (MED) - Minimum Standards -of
Water Potability. Pigure 12 gives the present standard and proposed
NATD and US revisions Lo the standard. Specific numerical criteria
for radiologically contaminated water are not provided by the current
standard nor the proposed revisions. [t is itmportant to note that the
[ absence of specific numerical criteria does nsot dmply that the
consuiption ut radiologically contaminated water is acceptable. n
the contrary, the philosephy behind the non-numericel criteria
statements s that any radiation exosure, beyond that attributable to
normal background radiaticn, should be avoided, if at all possible.

At present, the requirements of TB MED 229 are 1n effect and thus
provide technical performance criteria for radiation detection and
imeasuring equipment. Specifically, such equipment must have the
capability to demonstrate that water intended for consumption does not
¢ortain more thar 1000 pCi/. of gross beta activity and more than 10
L/ o of strontium-90.

47




STANAG 2136 (MED) - Requirements
*** Pregsent Standard ***

Radiological Standards

For short term consumption (1 to 7 days) no absolute maximum
tolerance is recommended or considered necessary. This is
based on the consideration that if the risk of external
radiation is such as to allow the source to be used, then the
water will be suitable for drinking during occupancy not
exceeding one week

*** NATO Proposed Standard ***

It is undesirable to drink water contaminated with radiocactive
substances., Consideration should be given as to whether a
source of water is likely to be contaminated In some circum-
stances, sources, such as underground water, may be safely
assumed to be uncontaminated Filtered water will be free of
insoluble particlates but may still contain soluble radioisotopes
such as iodine. If there is any doubt, monitoring of the water
should be attempted. This can be achieved simply either by the
use of a dose rate monitor placed close to a large sample, e.g.,
bucketfull or preferably by drying down a sample and using a
contamination meter  Any water sample showing a reading above
background should only be used if no better source is available
and the use is essential.

*** JS Proposed Standard ***
Radiological Standards

A standard in the normal sense of definite limits is not appropriate
in this case, however, the following procedures should be employed:

1. Areas Having Received Fallout - For short term consumption (1 to
7 days) no absolute maximum tolerance is recommended or considered
necessary This is based on the considerati~n that if the risk
of external radiation is such as to allow the source to be used,
then the water will be suitable for drinking during occupancy not

exceeding one week.
2. Areas Not Having Received Fallout - For short term consumption

{1 to 7 days) any water sample showing a reading above back-
ground, as measured with a dose rate meter or other suitable
method, should only be used if no better source is available
and the use is essential This is based on the consideration
that personnel should not be subjected to unnecessary radiation
exposure.

Fiqure 12. STANAG 2136 (MLD) - requirements
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3.3 Radiation Monitoring Equipment

Field-portable radiation detection and measuring equipment for
monitoring radiological water contamination has been developed for
both mititary and civilian applications. As discussed below, neither
the military equipment nor the civilian equipment appears to be
capable of monitoring radiological water contamination at the levels
of 1000 pCi/ < (gross beta activity) and 10 pCi/. (strontium-90).

The Radiac Set AN/PDR-27 is a low-range, beta-gamna instrument,
standard for all Services and used for personnel and equipment
monitoring. It has two Geiger-Mueller tubes -- a large tube for
low-range detection and a small tube for high-range detection. A beta
shield on the Targe G-M tube permits the measurement of beta activity

by using the difference between unshielded (B +7¥) and shielded (°

only) measurements. The AN/PDR-27 covers a range of O to 500 mR/hr in
four decade steps; beta measurements by the difference technique are
only possible on the two lTowest ranges (0-0.5 wR/hr and 0-5 mR/hr).

The AN/PDR-27 can be used to give a qualitative indication of
beta~-gamma water contamination by holding the large G-M tube, without
the beta shield, about one-half inch from the surface of the

(24)

unidentified beta-gamna enitter in excess of 100 pCi/:.

A reading above background indicates a concentration of an
(25)

water.

Another water monitoring procedure with the AN/PDR-27 has been
described by D. C. Lindsten. (0]
tube, without the beta shield, is encased in a rubber surgical glove

In this procedure, the large G-M

and i1mmersed inta the water. The minimum level of detection is
estimated to be 5 «x 105 pCi/¢ of mixed fission products (beta-gamma
emitters) based on correlation data developed using fallout material

from nuclear weapons testing.

A new beta-gamma survey meter, Radiac Set AN/VDR-1 is being
developed es a replacement for the AN/PDR-27. When used for surface
monitoring of contaminated water, the AN/VOR-1 is expected to be able
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to detect a beta emitting isotope at the level of 3.5 x 106 pCi/ . At
present, the status of the AN/VDR-1 is wuncertain, and further
development or production might be discontinued.(27)

Radiation detection and measuring equipment developed for
civilian applications 1is described in numerous textbook and other

publications.(28_32)

In order to supplement such references and
determine the current state-of-the-art, a request-for-information was
sent to 43 firms identified as providing equipuent or services related
to the detection and measurenment of radiological water contamiration,
The identification of the firis was based on their cited cupabilities
listed in  the Nuclear News 1981 Buyers Guide.(SS) The
request-for-information letter expressed an interest in equipment that
could measure beta radiation in a mixed beta-gamna contaminated water
sample.  The range of interest was given as from 3 x 106 pCi/: down to
3 oCi/ 7, and it was noted that the gamma radiation could be a factor
of 10 above, or below, the beta radiation. An interest in both gross
beta radration meassurenents ana syecific radionuclide 1dentification

N

Was expressed. 1t was noted that the princiyal interest was with
equipment ‘that could be used for real-time nmonitoring vt a process
stream; however, there was also interest in laboratory-type equiptent
if such eguipment could be trans;artable to the field end provide an

analysis within a couple ¢f hours.

Table o identifies the firms that were contacted and indicates
their responses. 0f the 43 firms contacted, 24 did not respond to the
request. Of the 19 responding firms, 9 indicated that they did not
have the capabilities for measuring the water contanination of
interest: 10 firms indicated that they did have some capability and

provided relevant literature.
Based on an assessment of the supplier Tliterature and the

references cited above, 1t appears that for process monitoring

applications the minimun level of detection is about 10° pCi/ ¢ gross
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Table 6. Responses to request-for-information

Firm

Anacon, Inc./Aero Vac Products
Applied Health Physics, Inc
Applied Physical Technology, Inc
Aptec Nuclear Inc

The Aston Company

Baird Corp

Berthold-Beta Analytical, Inc
Canberra Industries, Inc.
Cedar Grove Operations
Centronic Inc

Don L. Collins & Assoc.
Dionex Corp.

Dosimeter Corp of Anerica
Eberline Instrument Co.

EG&G Ortec Inc.

Electrometer Corp.

Evans Nuclear Consulting Services
Foxboro Analytical
Gammna-Metrics

General Atomic Co

The Harshaw Chemical Co.

High Voltage Engr. Corp

IRT Corp

Kaman Sciences Corp.

National Nuclear Corp

Nuclear Data Inc

Nuclear Equipment Chem Corp
Nuclear Instrument Co.
Nuclear Measurement Corp.
Nuclear Research Corp.
Princeton Gamma-Tech , Inc.
Reuter-Stokes, Inc.

J. L Shepard & Assoc
Technical Assoc.

Technology for Energy Corp.
Teledyne Analytical Inst.
Tennelec, Inc

Tera Corp.

United States Testing Co , Inc.
Victroneen Instrument, Inc.
Westinghouse Electric Corp
Weston Components

Xetex Inc

(43)

No Negative Positive
Response Response Response
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
>
(24) (9) (10)
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beta activity and specific radionuclide detection is not possible.*
[t is possible, however, to measure gross beta activity at a level

of 1 pCi/7 and determine specific radionuclides, like strontium-90, at
levels of 1 to 10 pCi/t by using laborgatory-type equipment and
procedures. However. the necessary equipment with its radiation
shielding and supporting utilities is not field-portable and the
procedures, which include chemical processing of the sample and
counting times of 24 to 48 hours, are too time consuming and
complicated to be used by troops in the field situation.

3.4 Radiation Monitoring Procedures

As discussed above, radiation detection and monitoring equipment
does not have the capability to detect radiological water
contamination at the levels required to meet current standards (i.e.,
1000 pCi/+ gross beta activity and 10 pCi/- strontium-90). 0O. C.
Linsten has suggested a procedure, termed “supply-side nuclear water
monitoring”, that could be used to indicate ccmpliance with the water
yuality standards.(ZO)

Lindsten's procedure is based on monitoring the radiologically
contaninated water as it passes through the stages of purification
rather than monitoring the finished product water. As discussed in
Section 4, the water purification stages include: coagulation and
filtration, reverse osmosis, and 1on exchange. The coagulation and
filtration stayge is expected to remove all of the insoluble fallout
material from the raw water, but not affect the soluble material. The
soluble material is expected to be removed with efficiencies of 99%

and 99.9% by the reverse osmosis and ion exchange stages, respectively.

*It should be noted that a variety of radiation detection and measuring
equi vtent (and data analysis capability) is available for gamma
radiation monitoring. it might be possible to use this technology
for water monitoring to achieve lower minimum levels of detection or
simplify the water monitoring problem.
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Based on the above stated removal efficiencies, water entering
the ion exchange stage with a gross beta activity of 106 pCi/¢ will be

decontaminated to a level of 1000 pCi/¢ . Similarly, water entering
6

the reverse osmosis stage with a gross beta activity of 100 x 10~ pCi/*

will be decontaminated to a level of 106 pCi/s. These levels of
activity for the water prior to the purification stages are
sufficiently high to be measured with existing radiation detection and
measuring eauipment.

According to Lindsten, water that meets the criteria of 1000 pCi/:
gross beta activity will meet the critera of 10 pCi/; strontium-90 for
the first 200 days after the nuclear explosion. His argument is based
on the fact that for gross fission products the strontium-90 activity
is less than 1% of the total fission product activity for decay times
less than 0.7 years. Actually, the comparison should be made between
the strontium-90 activity and the total activity of those soluble
radionuclides present in the process stream between the purification
stages. 1sed on the water contamination model described in Section
2, is a, ears that the strontium-90 activity is about 1% of the total
activity of the radionuclides in solution, thus indicating that the
strontium-90 criter would be met if the gross activity criteria were
met.*

Lindsten's "supply-side nuclear water monitoring" approach is
technically feasible. However, as noted by Lindsten, to implement the
procedure the decontamination capabilities of the water purification
processes must be precisely known. In particular, it appears that it
would be ne:essary to measure and validate the removal efficiencies of

*Tt should be pointed out that it is not really correct to compare
these activities in such a simple fashion. Actually, one should
compare the activities that would be measured by the radiation
monitoring equipment.




each process on field equipment while actually deployed. This does
not mean that calibration activities would necesarily be required
duriny a wartime situation, but it does mean that the necessary
calibration procedures would have to o0e developed and applied

routinely to monitor the status of the water purification equipment to
assure its combat readiness.
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SECTION 4

THREAT COUNTERMEASURES

4.1 Introduction

Threat countermedasures include water purification equipment and
methods, and field operations policy and procedures. The water
purification equipment of interest 1is the Reverse 0Usmosis Water
Purification Unit. The field operations policy and procedures include
such measures as water point selection, water treatment scheduling,
water storage, etc. As discussed below, this assessment has been

nrimarily concerned with the water purification equipment.

4.2 Water Purification Equipment

To weet the requirements for a multi-purpose water purification
unit to provide potable water in the field, the U. S. Army is
developing the Reverse Osmosis Water Purification Unit (RWPU).  The
ROWSY is intended to purify raw water contaminated with biological,
cheical, or radiological naterials. The ROWPYU will be highly mobile
and availeble in 000 G {gallons per hour), 1500 GPH, and 3000 GPH

units.

The ROWPU prodiuces potable product water from radiologically
contaninated ruw wdater by a series of three purification processes:
(1) coagulation and filtratior, (2) reverse osmosis, and (3) ion
exchange. The coayulation and filtration vrocess is intended to
reciove all of the insoluble radioactive material from the raw water;
soluble radioactive mdaterial will pass through the coagulation and
filtration jrocess unaffected. The reverse osSmosis  process  1s
expected to remove 99% of the soluble radioactive material,; this
process will also back-up the coagulation and filtration process by
removing dny soluble radioactive material that is present. The ion

gxchange process 15 expected to  remove 99.9% of the soluble




radioactive material. Overall, the ROWPU is expected to remove any
insoluble radiocactive material present in the raw water and to reduce
the concentration of soluble radioactive material in the raw water by

a factor of 105.

Based on a decontamination factor of 105 and a product water
criteria of 1000 pCi/: gross beta activity, the ROWPU can effectively
handle raw water radiologically contaminated up to the level of 10°
pCi/ + with soluble radiocactive material. Based on the water

| contamination model discussed in Section 2, a watershed contaminated
by fallout at a level of 1 R/Hr at H+l hour would yield water
contaminated at a level in excess of 108 pCi/ : for about 8 to 10
hours. This peak level of contamination would diminish rapidly and, in
the absence of water contamination introduced by precipitation runoff,
would be less than 106 pCi/: within 3 to 4 days. Precipitation runoff
could also case the level of water contamination to increase to 106 to
107 pCi/ within this 3 to 4 day period; precipitation runoff could
also cause the level of water contamination to remain at 10 % to 10°
pCi/: for several weeks after the fallout had been deposited.

Assuming that the problem of the initial (peak) radiological
water contamination can be avoided by water storage or rationing, the
ROWPU could initially handle water from an area contaminated by
fallout at a Jlevel of 1 to 10 R/Hr at H+1l hour. After about 4 days,
the ROWPU could handle water from areas contaminated by fallout at a
level of about 100 R/Hr at H+1 hour. For several weeks after the
fallout deposition, the ROWPU would still be needed to purify the raw
water to acceptable potable water criteria.

As was shown in Section 2, surface burst nuclear weapons can
produce fallout contamination of rather large areas. However, to

estimate the extent and the intensity of such fallout contamination in
the event of nuclear warfare requires major assumptions regarding the
nature of the nuclear strikes, the yields of the weapons, and the
prevailing meteorological conditions. Statements about the adequacy of
ROWPU to provide potable water in the nuclear warfare environment can
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only be made in the context of a specific nuclear warfare scenario.
Since this assessment does not address such scenarios, no specific
comments on the adequacy of ROWPU are offered.*

However, this assessment has identified two design-related areas
that merit special mention. First, the ROWPU should include within
its design those features and support equipment that provide a
capability for in-field testing of the removal efficiencies of the
purification processes; this capability will be of paramount
importance if concepts such as "supply-side nuclear water monitoring"
are adopted. Second, the ROWPU should have an availability
characteristic, achieved through low equipment failure rates and short
maintenance/repair times, adequate to ensure that the equipment can be
operated nearly continuously for several weeks.

4.3 Field Operations Policy and Procedures

Field operations policy and procedures could complement the water
purificatian equipment to provide countermeasures to the
potential radiological water contamination threat. The policy and
procedures inc'ude water point selection, water treatment scheduling,

water storage, etc.

The effectiveness of such countermeasures can only be examined in
the context of specific nuclear warfare scenarios and force

*tarlier in this assessment, a nuclear warfare scenario including force
deployments was developed. For this scenario, radioloygical ware con-
tamination was not a significant problem because: only a few surface
bursts occurred, the prevailing wind was blowing away from the area
where the U. S. forces were deployed, and the wind shear was so small
that the fallout pattern exhibited little width. However, during the
development and analysis of the scenario it became clear that a
single, unique, hypothetical scenario does not provide an adequate
basis for making judgments on the worth or utility of water purifica-
tion systems or related policy and procedures.
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deployments. Since this assessment does not address such scenarios,
no specific comments on the utility of field operations policy and

procedures are offered.

However, this assessment has identified two aspects of field
operations that merit special mention. First, sufficient product water
storage capability should be available to satisfy requirements if the
water purification units have to curtail operations for about « day
because of an inability to handle the intial (peak) radiological water
contamination. Second, strict radiological defense measures should be
raintained in effect until proper radiological water contamination
monitoring has determined that the problem no longer exists; such
procedures are important because the water could remain radiologically
contaminated even after area radiation monitoring does not detect any

mititary significant fallout.




SECTION 5

CONCLUSTONS

In the event of nuclear warfare with nuclear weapons employed in
a surface burst mode, the fallout contamination of watersheds and
water supplies would be sufficiently high to require the use of water
purification equipment to produce potable water that meets the current
water quality standards. This problem of radiologically contaminated
water could persist for many weeks.

The existing radiation detection and measuring equipment is not
capable of verifying that suspect water actuilly meets the current
water quality standards, in fact, the minimum detectable level of
radioactivity in water with the existing equipment and procedures is
about a factor of 1000 above the current radiological water quality
standard. An indication of acceptable water quality can be obtained
by a procedure that involves measuring the activity of the water prior
to processing, provided the decontamination efficiency of the water
purification system is known.

The water purification equipment currently under development can
decontaminate, to the current radiological water quality standards,
water from a watershed contaminated by fallout at a level of 1 to 10
R/Hr at H+l hour. After about 4 days, the equipment could effectively
decontaminate water from a watershed contaminated at a level of about
100 R/Hr at H+l hour. The water purification equipment could be needed
for several weeks after the fallout deposition.
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SECTION A-1

INTRODUCTION

This appendix provides descriptive information on water sources
within the Western European area of concern. This area is bounded by
Marburg (Lahn), Giessen, and Frankfurt am Main on the west and the
Fulda River valley on the east. The information is used to identify
typical water point sites; characterize the watersheds, region, and
climate; and provide an approach to watershed modeling.

The assistance of the following individuals in obtaining
appropriate references, determining applicable factors, and
identifying potential resources is gratefully acknowledged:

Mr. William Abbe, Terrain Analysis Center,
Engineer Topographic Laboratories, Ft. Belvoir, VA

Captain Molzahn, Department of Military Engineering,
U. S. Army Engineer School, Ft. Belvoir, VA

Mr. Henry Zoller, Library, U. S. Geology Survey,
Reston, VA

Ms. Laurie Stackpole and Mrs. Rouse, Library, National
Oceanic and Atmospheric Administration, Rockville, MD

Mr. Richard Farnsworth and Dr. Michael Hudlow,
Hydrology Laboratory, National Oceanic and Atmospheric
Administration, Silver Springs, MD

Mr. Bruce White and Mr. Charles White, New England River
Forecast Center, U. S. Weather Service, Bloomfield, CT
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SECTION A-2

WATER SUPPLY POINTS

Water supply points are selected to support troops units on an
area basis. Thus, a water point would serve all water supply trucks
and trailers coming to it and not just support a specific unit. The
typical field water purification cquipment is oriented for use of
surface water supplies. The Army organization includes well drilling
capability but this would not normally be used in an area such as
Germany. The Division is equipped with five 1500 gallon per hour
water point units. Additional 1500 gph units are operated by Corps
Combat Battalions, and 3000 gph units are operated by the Corps Water
Supply Company.

Water supply points are sited on the bases of:

] Adequate Source, minimum of 2000-3000 gph (to allow for
waste due to backflushing) (equivalent to approximately
2-1/2 Yiters per second) per 1500 gph unit. These values
would be doubled for the 3000 gph treatment unit.

(] Adequate Road Net, to permit all weather vehicle access to
the fill station in the immediate vicinity of the treatment
unit, and to allow for turn arounds and waiting vehicles.

] Cover and Concealment, forested locations are desirable,
placement of points in towns or in the vicinity of logical
targets would be avoided (e.g., major intersections, bridge
sites, troop concentrations).

) Good Drainage and above typical flood levels.

() Avoidance of Upstream Sources of Contamination, such as
industries, major towns, sewer outfalls, or stagnant water
(marshes, swamps, flooded fields).

The above doctrine was used to identify typical water supply
points in the area of concern. Three points were identified on each of
10 map sheets (4 points on one of these sheets), to permit

A-6
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characterization of typical points. Other points could have been
readily identified, due to the amount of runoff, number of streams and
excellent road nets in the area. Watersheds which would provide at
least 5 liters per second at the water point were chosen (approximate
minimum for 3000 gph unit). The low flow values of 1 to 2 liter per
second per square kilometer to be expected in the region indicated
that drainage areas of at least 5 square kilometers should be chosen.
The criteria of avoiding upstream sources of contamination, where
feasible, and the distribution of towns and villages indicated that
small drainage areas be chosen when available. The above criteria and
considerations of vehicle access and proximity to an extensive road
network were used in identifying the water supply points (WSP) listed
in Table A-1. The watershed areas were delineated on copies of the
identified map sheets.
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SECTION A-3

GENERAL HYDROLOGIC INFORMATION

The region consists of rolling terrain, forested or under
agriculture. There are generally sources of large quantities of
surface water in the lower part of the area of concern less than 8
kilometers apart; and in the upper part of the area, moderate
quantities of surface water from sources less than 16 kilometers
apart. There are generally uniform amounts of rainfall throughout the
year with somewhat more rainfall (by 30 to 50%) occurring in the
months of June, July, and August and the least amounts in February,
March, and April., Due to the differences in evaporation losses,
however, the largest runoff occurs during the months of November
through April (which constitute the “Winter Semester" for German
hydrologic studies). This as shown in Figure A-1 and Table A-2 for
the area of concern. Summary average precipitation data for selected
stations are shown in Table A-3.

Typical runoff from watershed averages from 5 to 15 liters per
second per square kilometer, with the Jower values usually associated
with smaller watersheds. Table A-4 illustrates mean and absolute high
and low runoff rates and average rates for several watersheds of the
Fulda River basin, which overlaps the area of concern. Typically, the
flow is less than the mean flow 240 to 280 days per year, due to the
amount of runoff directly associated with storms. The flow does not
exceed 50 to 60 percent of the mean flow half of the days. Flow less
than 2 liters per second per square kilometer of watershed occur very
rarely, and for streams which have recorded such low flows the

1) %
frequency is generally less than 2% of the time.(A 1)

*The number in the parentheses denotes a reference that is identified
in Section A-6.
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Table A-2. Precipitation-runoff audit, Fulda region.

Entries in nm of Water on the Drainage Area

Jan  Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec
57 50 45 55 62 72 84 76 60 63 57 59
10 12 13 13 8 6 5 6 8 9
22 30 23 14 5 5 6 5 7 17 19

5 5 9 28 49 61 73 66 50 24 10 5

+20 +3 -5 -20 -28 -22 -13 -6 -3  +26 +22 426
32 42 36 27 13 11 11 10 10 13 25 28

56 3 .80 .49 .27 .15 13 .13 17 .21 .44 47

.69 71 .64 .52 .38 45 .55 B0 .50 .54 .68 .68

Average Runoff in Liters Per Second Per Square Kilameter

37 50 49 50 30 2.3 1.9 1.9 1.9 2.2 31 3.4

82 124 386 5.4 19 1.9 2.2 1.9 1.9 2.6 66 7.1

N - Precipitation (mm)

<

QU <O

A/N
AO/A
A -
v
A »
0

- Ground Water Runoff {(mm)

- Surface Runoff (mm)

- Evaporation (mm)

- Restoration (+) or Depletion (-)

of Ground Water Storage (mm)

- Total Runoff (mm)

- Total Runoff/Precipitation Ratio
- Surface Runoff/Total Runoff Ratic
- Ground Water Runoff (¢/s/km )

- Surface Runoff {i/s/km?)
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As 1illustrated above, the most runoff is surface runoff; the
total runoff is a small fraction of precipitation most of the year;
and precipitation occurs frequently (on almost half the days)
throughout the year, but on only an average of one or two dayz a month
is the precipitation sufficient to cause significant runoff occur.

The threshold amount of precipitation for causing runoff varies
during the year, due to changes in temperature, growing vegetation,
and sunlight, and due to the relative permeability of the surface due
to prior precipitation, snow cover, or frozen ground.

The amount of area covered by water surface is a small fraction
(1-3%) for the region, with even lower values typical of watersheds
for illustrative water supply points.

The rivers in the area are characterized by having high levels
of chemical and biological contamination. Lakes, ponds, and small
streams contain less contamination, however, use of water purification
equipment is considered essential. Most major towns and industries
are situated in valleys on the larger streams and rivers. There are no
sizeable reservoirs or lakes in the area of concern. Droughts are
rare, but even in the most recent drought period (1959) low flow
measurements were generally above 0.5 liters per second per square
kilometer for watershed greater than 5 square kilometers.
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SECTION A-4

WATERSHED MODELING

A-4.1 Occurrence of Surface Runoff

Most stream flow is due to surface runoff, however, this occurs
only intermittently. The principal concern is the likelihood that
radioactive contamination on the area will be transmitted to the water
supply point (WSP). Contamination falling on all of the stream
surfaces would arrive at the WSP within about five hours for most of
the typical WSP watersheds. The average time for the contamination to
reach the WSP would be approximately half this value, as the times
developed in Table A-1 are based on the arrival at the WSP from the
extreme point in the watershed. The area of running water in the
small, typical watersheds would generally be much less than 1% (and
possibly less than 0.1%).

There is a threshold of precipitation which will result in
runoff. This threshold varies with season and recent rainfall. New
England wa- used as the region of the U. S. which may be closest in
character to that of the area of concern. The Appalachian area of
Pennsylvania may also approximate the region and could similarly be
used for estimating factors not immediately available for the German
area. Rainfall and runoff records for New England have shown that as
Tittle as 0.15" (approximately 4mm) precipitation in the optimum
season for runoff (February-March in New England and Germany, see
Table A-2) may cause runoff, as noted in increased stream flow. A
typical threshold would be about 0.25" (approximately 6mm), while 0.5"
(13mm) may be necessary under very dry conditions in mid-summer (July
and August, see Table A-2). Under an extreme drought condition 1.35"
of precipitation did not produce an increase in stream flow.

Another factor in determining the occurrence and extent of storm
runoff is recent rainfall. The specific factor used is the Antecedent
Precipitation Index, which relates prior precipitation and the amount
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of time since it fell. In summary, the saturation effect of prior
rain is assumed to be reduced by a factor of ten percent each day.
This factor and the seasonal variations are used with rainfall
intensities and amounts to estimate stream flows.(A'Z’ A-3, A-4)

The general occurrence of rain in the region of concern was
summarized in Table A-3. Daily precipitation records for several years
for the area are given in Table A-5 through A-21. These data permit
the determination of antecedent precipitation indices for individual
days. Typical intensity of precipitation in the storms is indicated
in Table A-22. Typical occurrence of snow as a component of
precipitation is illustrated by Table A-23.

A simplified relationship for use in the runoff analysis for the
area of concern is necessary due to the limited availability of stream
hydrographs in which precipitation and subsequent stream flow can be
directly correlated. Factors used for the simp]ifiedb relation are
those typically used, but developed from the various average data for
the area.

An antecedent precipitation index (API) factor of 0.9 is typical
for the eastern USA and has been recommended as an appropriate value

(A-4) A threshold precipitation value for the

for use in this study.
occurrence of added surface runoff (the sum of the APl and the day's
precipitation) of from 4mm to 13mm was selected. These values are
based on the experience in New England. The threshold-time-of-year
relation selected is shown in Table A-24 and was based on the Fulda

basin precipitation runoff audit, shown in Table A-2.

The extent of precipitation which results in surface runoff
would be dependent on the seasonal surface permeability (partly
reflected in the above threshold), the API, the short term intensity
{e.g., Table A-22), and in winter seasons, the extent that the
precipitation is snow (Table A-23) and the presence of snow cover
(approximately mid-December to mid-March in the Fulda region, Table
A-3). The data in Table A-23 indicates that most of the precipitation
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Table A-12. Daily precipitation data (mm) - Frankfurt am Main (1980).

Day dan feb Har Aer. tay Jun Jul Aug ser 0:t v

1 t t t 0.2 t 1.3 R t

2 1.3 t 0.3 0.4 0.3 Data Coc

3 t 2.0 t 1.2 0.1 for t 0.1

4 0.8 1.4 t t g.1 Month t . t

5 0.1 Q.6 1 5.3 t 07

6 0.1 0.2 0.9 0.1 0 & 07l 0.2 t t

7 0.2 0.1 0.2 t t 0.5 0.7 0.5

g t 0.1 3.3 07 1.2 0.3 t

9 t t n.1 04 0.1 G.32 0.7

10 0} 04 t 0.c Gob i

n t 0 t C t G.¢ t t

12 t 0 5 R 0.

13 01 G t [ .l )4

13 1.0 1.4 ;5 v

15 0.3 t noo 0.2 6.7 B

16 t t t 0.2 1.1

17 01 4 0.f O 0.2 ‘F
Ve t t 02 t aos ,
19 t t 0.1 0.¢ 0.2 (A i
20 t t 0.1 01 1. C.7

2 0.7 0.2 0.l t t t

2 0.3 0.1 t 0.4 t t !
23 0.6 t .5 N

24 t 0.3 1.3 0.1 .8

5 01 0.1 1.2 0.2 0.1 t 0.6 0.1

? t 0.9 01 0.4 t

27 t Uk 01 0.4 0.1 t t 0.1 t

28 t 1.0 t t 0.3

2 t t 2 0.1 3.5 t 0.2 0.1 : t

30 0.6 t t 0.1 0,3 t t t t

31 1.0 t 0.8 0.0 t
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Table A-13. Daily precipitation data (mm) Fulda (1975).
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Table A-14, Daily precipitation data (mm) - Fulda (1976).

Loy dan b tar Apr Pay Jun Jul Aug sen Cet, fiov far
) .o 19.3 0.1 2.4 0.2 .5 t
2 13.2 0.2 2.1 1.3 5.9 3.4 1.1 3.0
3 8.0 1.9 4.9 3.8 0.3 0.1 1.6 t
4 t 5.9 0.5 0.2 9.7 1.6
5 5.6 1.0
6 1.2 t 0.2 5.8
7 0. 2.5 7.6 5.0
& t 1.5 1.0 30
9 6.2 1.8 t 6.6 1A 0.8
0 3.1 2.3 6.6 1.0 0.8
1 3.1 1.e 3. 5.5 4.7
12 0.3 4.3 t 1.1 1.8 t 05
13 2.6 1.5 0.1 3.9 25.3 0.1 1.1 7.5 0.1 0.4
14 4.9 02 0.1 t 0.8 0.6 0.1 02 2.1
15 4.4 1.6 0.3 23 0.3
16 0.9 1.5 t t
17 0.2 3.2 8.1 2.3

18 t 0.7 t 0.2 t
19 2.2 t 1.4 10.1 t 3.2 a.1

20 84 0.2 t 4.9 t

2 3 5.9 4.4 0.3

22 56 1.4 2.0 t
2 3.6 0.4 t
H G 7 0.5 t 5. t 2.3

25 4.2 2.1 .0 -8 .0 t 0.8 0
25 8.3 07 0 t 1.0 t
27 1.0 0.: 0.7 1.3 (.8 3.0 0.2

o8 t N 3.1 0.1 1.0 1.0
29 0.7 1.8 0.2 00 8.7

u t 0.9 t 0.9 5.1

b 2.7 5.6 t t
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Table A-15. Daily precipitation data (mm) - Fulda (1977).

1

0 0 . ! 2.8

3. t 1.5 0.6 0.2 0.3 6.7 0.6
9 20 0.2 t 6.6 0.3 3.7 0.4 1.1 i
10 9.0 59 t 9.0 t 3.4 t i
n 0.3 2.2 11 t t t 0.8 ‘
12 2.4 2.8 2. 3.0 5,2 1.0 13.5 6.7
13 3. 0.5 4.0 3.6 2.7 6.3 0.2 0.7 0.6
14 4.1 70 2.7 16.2 0.5 14.3 t
15 1.6 0.3 1.4 2.3 0.6 5.5 0.2 0.6 0.2 5.5 0.4
16 2.3 0.¢ t 0.2 10.3 0.1 2.4
17 0.2 2.4 0.2 0.6 23.7 2.
18 2.5 0.2 6.4 0.3 1.4
19 32 13 3 13.7 8.4 10.7 0.7
20 t 29.0 1.0 1.9 3.3 t
21 1.6 0.3 t 6.1 0.2 4.0
22 2.4 t 04 5.0 0.3 0¢
23 0.2 142 t 0 6.7 1.1
24 0.2 1.3 30.4 7.0 9.9 0.7
25 6.5 1.3 0= 2.3 4.4 3.2 t 3.7 2.7
24 1.2 2.7 5.4 0.0 9.9 1.2 0.9 t 0.7 2.
27 2.6 0.6 .- t t 0.5 €.

3.4 1.1 t t t e 0.2
; 2 t 0.1 3.0 3.
! 20 1.5 0.3 K
31 t t 6.6 1.2
n=27




[*)

Jan

DO W

(S}

e

Table

fan]

Do

o DO

A-16.

(28]

Daily precipitation data (mm) - Giessen (1972).

Mar

1.0
6.0

O o © O
N

[ S I W]

ro
(£

19.3
2.5
2.9

(o8]
el

0.1

~4

oD ™
wo oW

AP I}
.

My

4.3

Jun
0.t

2.1

o

2
t
[l
5.2
2.3
4.4
18,4
a5

A-28

Jul
3.4
1.

e

~y

A 1
Hu

.

n.

N i ad

~

3,1

[ R s ]

[V RIS R

Iad

0.3

25.

<

)

(o]

(™)

Loy

0.6
0.1
0.}

S
e

N W L
r

\,_,
A

0.6
(W)

bec

o

3

%)

rd




Table A-17. Daily precipitation data (mm) - Giessen (1975).

La ~f’:‘-, foo Har Arr Pay Jun dul Auq sep Oct Nov bec
: t ] t t 1.4 6.2
, 1.1 12.1 5.6 2.4 3.9 7.7
) 01 12.6 1.5 2.7 t 1.3 1.0
s t 2.2 0.4 0.3 4.2 t
5 t 0.5 “3.7 0.5 1.0 0.2
6 0.2 0.6 5.1 1.3 0.9 1.3
7 5.2 4.0 2.1 4.0 0.3 0.3 0.8
¢ 0.9 4.0 3.4 t
9 t 0.}
1o 6.2 0.1 1.0 3.7 4.2 0.2 t
N 0.4 t 0.6 2.3 3.4 0.3 0.4
12 03 0.8 0.9 5.0 6.1 2.3
13 t 21 1.0 t 7.7 7.2 1.7
14 .7 6.2 14.6 1.2 0.t 0
1% 01 0.R 7.5 0.5 3.0 t e.5
Ve 0.9 1.3 0.7 t 8.0 t
1" 1.3 0.7 1.0 0.6 15.4 2.7 0.2 6.6 4.3
13 23 15,2 03 2.6 10.1 t 0.7 4.0 0.3 0.3
15 0.1 1.4 8.5 2.9 02 t 1.5 0.5 3.6
29 0.7 0.1 09 26.4 2.4 0.2 0.°
21 t 4.6 2.0 6.5 1.
2 5.4 t 35.4
23 0.6 t
23 2.7 2.8 0.4 2.0
oz 7.6 1.1 0.6 3.0 0.5 5.3 0.1 15
ot 0.3 2.3 0.1 7.7 3.1
27 1.9 8.7 0.9 0.1 1.5
o 6.3 0.6 2.3 2.3
: 1.3 t 2.8 0.7 4.1
5 1.5 t 0.5 0.6 6.7 1.0
R 4.5 0.5 1.7
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Hours
(LST)

Jan

00-02
03-05
06-08
09-11
12-14
15-17
18-20
21-23
Totals

Apr

00-02
03-05
06-08
09-11
12-14
15-17
18-20
21-23
Totals

Jul

00-02
03-05
06-08
09-11
12-14
15-17
18-20
21-23
Totals

Oct

00-02
03-05
06-08
09-N
12-14
15-17
18-20
21-23
Totals

Table A-23.
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Table A-24. Cummulative precipitaticn necessary
for added surface runoff,

Month Threshold (mm)
January 8
February 4
March 5
April 9
May 12
June 12
July 13
August 13
September 12
October 12
November 10

December 9




i

in the area occurs as rain, even in mid-winter. The
precipitation-runoff audit, Figure A-1, shows that snow cover has
little inhibiting effect on runoff, the fraction of precipitation
which becomes surface runoff being greatest in the winter months.
Snow cover may have a delaying effect upon when the actual
precipitation enters the streams, however, as the surface runoff would
consist of both melted snow from prior precipitation and recent
rainfall.

The single seasonal precipitation-surface runoff ratio selected
to be used for this study is shown in Table A-25. The relationship is
an approximation as the proportionality would actually be a function
of intensity and total precipitation in the individual storm. The
entries in Table A-25 were estimated by considering the general
frequency of precipitation sufficient to directly increase surface
runoff (about 1 per month in winter to 2 per month in summer, Table
A-13), the average rainfall in the month and the average surface
runoff (Table A-2), and subtracting the thresholds (Table A-24) from
the precipitation.

The factors developed above can be used to provide a rough
approximation of surface runoff which might occur following a given
level of precipitation on a day of a given month, with the additional
data of recent prior daily precipitation. This relationship is shown

below:
SRO = [SRO/Pe] X Pe
with Pe = PO + AP1 - CPT
and API = Zpo_n x (0.9)"
where SRO = surface runoff (mm)
[SRO/Pe] = surface run-off excess precipitafion ratio,
given in Table A-25
Pe = excess precipitation (mm)
Po = 24-hour precipitation (mm); given in Table A-13
APl = antecedent precipitation index
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Table A-25. Estimated proportion of excess rainfall
which becomes surface runoff.

Month Surface Runoff/Excess Rainfall
January 0.45
February 0.65
March 0.58
April 0 34
May 011
June 010
July 0.13
August 0.10
September 0.12
October 0.16
November 0.40
December 0 .42

A-38




CPT = cumulative precipitation threshold (mm), given
Table A-24
Po-n = 24-hour precipitation n days before the day of Po

(but if Pg-p> CPT use Pgo-n = CPT, to avoid double
counting of prior precinitation that resulted
surface runoff), as given in Table A-13.

The above expression provides the possibility of double counting
24-hour precipitation below the level of the CPT which occurred prior
to both the current storm and an earlier storm which resulted in
excess precipitation. Further refinement of the expression, however,
does not appear justifed in view of the assumptions and approximations
* associated with the factors it contains.

Application of the expression is illustrated by the following
example.

Problem: Determine surface runoff (SRO) from a watershed in
the Fulda river basin region due to the storm of
14 July 1975.

Solution: [SRO/Pe] 0.13 (Table A-25)

CPT = 13 mm (Table A-24)

Po = 33,7 mm (Table A-13, 14 July)

API = [.5 x .9%] + (Table A-13, 12 July)
[6.9 x .91 + (Table A-13, 11 July)
(prior precipitation ignored)

AP = 5.4 nm

Pe = 33.7 + 5.4 - 13 = 26 mm

SRO = 0.13 x 26

SRO = 3.4 nm

[f the watershed area is 10 Km2, the e
surface runoff passing the water point

resulting from the precipitation on

July 1975 would be:

(3.4)mn x (10)km? (L) o x (1000
1000/ mm Kme

m- = 34000m".

2 3
) 2

A-39




A-34.2 Time Factors in Surfzce Runoff

The expression developed above does not indicate the time,
foilowing the occurrence of precipitation, when the surface run-off
would pass the point of ex 't of the watershed {(that is the water
supply point). This time is a irunction of the size, shape, and average
slope of the watershed; surface conditions (time of year); and the
parameters of the storm it: .*f.

This study is primarily concerned with small watersheds (Table
A-1) with negligible surface storage. Surface runoff resulting from
rain on the watershed which exceeds the cumulative precipitation
threshold (Table A-24) would start to arrive at the water supply point
(WSP) immediately from the area draining immediately upstream. The
amount arriving from a continuing rainfall would increase rapidly
until the "time of peak flow" was reached, which corresponds to the
longest time that it takes runoff originating anywhere on the
watershed to arrive at the WSP. Snyder's Synthethic Procedure can be
used to develop this longest time {also referred to as the "time of

(A-5)

concentration"). In this procedure the time is related to the

watershed's relief, shape, and length by the following expression:

(L " Le) 0.3
where
t = time of concentration (hr),
CT = constant,
L = length of watershed (miles), and
Lc = distance from the center of gravity

watershed to the watershed outlet {water
point) (miles).

Values of CT {see Table A-1) are based on those for the Appalachian

Mountain regions, modified for the relative average steepness of the
watershed slope. The calculated values of tp are shown in Table A-1.
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The rate of runoff, from rain falling at a uniform rate and

considering such factors as velocity of sheet and stream flow, would
increase with time as the ground absorbed less of the precipitation
and flows became greater. As a result, the amount of flow at the WSP
would continue to increase beyond the time of concentration ("time to
peak flow"), at least until the precipitation rate reduced.

The flow of surface runoff following a rainfall decreases
approximately exponentially. This is illustrated for typical streams
in Figure A-2, and some specific rivers in Figure A-3. The gradual
reduction in flow following heavy rain for points in the Fulda River
basin is shown for three cases in Figures A-4, A-5, and A-6. Note
that the stream records are in terms of gauge height. The
precipitation records are cumulative, thus the periods of most intense
rainfall are where the precipitation curves have the greatest slope.
Figure A-4 shows the results of one winter storm, Figures A-5 and A-6
illustrate stream heights during and following two successive storms.

In consideration of the above and the relatively small areas of
the WSP watersheds (Table A-1), it may be assumed that surface runoff
occurs essentially within four days of the rainfall. An assumed
distribution of this flow is: first day, 38%; second day, 44%; third
day, 11%; and fourth day, 7*. To approximate flows from successive
days of ercessive precipitation, the flows can be accumulated. For
convenience of analysis in this effort, the flow may be assumed to be
distributed over the entire 24 hours. Thus surface runoff of 1 mm in
one day would be equal to a flow of:

5 2
mm -1\ day 1y oom G 2wl
(D) oy X(se4oo) sec 1000) X (1000) 3 x (1000) g 11.6

The approximate total flow would be the combination of ground
water runoff for the corresponding month (Table A-2) and the surface
runoff caused by the precipitation.
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a. Red River Basin above Denison, Texas
b. Delaware River Basin above Port Jervis, New York
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In the case where radioactive contamination occurs within the
fourth day of excess precipitation (which produced surface runoff),
the residual flow would produce some immediately contaminated stream
flow. The area from which such flow would occur could be expected to
be less than even the fractional amount of the runoff, as the entire
surface area generally only contributes runoff while it is raining.
Subsequent areas from which drainage is occurring are temporary ponds
and lower areas of sheet flow. In consideration of the Fulda River
basin topography and to provide a basis for the study, use of the
following fractions of the surface area as contributors of surface
runoff are recommended: day of precipitation, 100%; second day, 40%;
third day, 8%; and fourth day, 2%.

A-4.3 Volume of Water on Watershed

An approximate volume of surface water on the WSP watershed is
required for contamination and dilution assessment. The approximation
developed below is based on prior estimates of normal and post-rain
area of surface water, runoff of storm flow over time, ground water
flow, and assumption of average stream velocities.

The volume of water on the watershed directly associated with
rainfall depends on the volume of rain, the proportion of rain which
becomes surface runoff, and the duration and shape of the storm
hydrograph. An approximate flow distribution and time were assumed
above. This is repeated in Table A-26 with the presumed area of
watershed covered by surface water. It is assumed that the rain
occurs on only the first day. Rain on the successive days or prior to
complete recovery from a prior precipitation should be treated as
discussed in conjunction with the antecedent precipitation index.

For the purpose of this study and with recognition that
approximations are sought which would characterize the region and not
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Table A-26. Storm runoff and area coverage factors.

Day of
[tem o B Rain
Distribution of Storm Runoff
(day of passing the WSP) 0.38
Area Covered by Water
(area contributing contamination
to stream via surface water) 1.00

A-49
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Day

0.44

0.40

3rd
Day

0.80

4th
Day

0 07

0.02




necessarily be exact for one specific watershed, it is assumed that
the storm surface runoff and the runoff due to ground water may be
treated independently and are additive. The principal considerations
associated with this assumption relate to definitions of the types of
runoff and stream flow.

There are several forms of surface runoff from a storm.
Precipitation on flowing water has an immediate impact, however, the
surface area is a very small percentage of the total. Some of the
storm runoff flows directly through the stages of sheet flow into
intermittent (ephemeral) streams (essentially carrying only surface
runoff and therefore only existing while there is post-storm drainage)
into perennial streams {which carry ground water and surface runoff
and thus flow essentially all of the time). Other storm runoff is
“interflow" which is surface runoff which is delayed due to ground
surface conditions such as heavy vegetation, forest floor cover, or
very localized ponding.

Interflow may also occur as lateral flow just below the surface
which joins the stream flow in time to form part of the storm
hydrograph (the runoff above that which would have occurred had the
storm not taken place). The ground water flow is generally somewhat
elevated after the storm discharge {4 days for the watersheds of this
study), which can be attributed in part to slower interflow. The
ground water recession is a much longer and continual process, as
ground water runoff is dependent on periodic recharging the ground
water level by precipitation. Another form of direct ground water
influence on the storm hydrograph results from the temporary sharp
rise in the water table adjacent streams carrying increased flow. The
higher water level can raise the water table level in the banks
sufficiently to reverse the hydraulic gradient to away from the
stream, surcharging the adjacent ground and deferring the normal
ground water. The impact of this temporary in-ground storm storage is
tec prolong the storm hydrograph and to raise the post-storm ground
water flow. That flow of water that entered the channel as stream
runoff and exited the ground adjacent to the stream banks during the
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period of the storm hydrograph can be considered to be surface runoff
for the purposes of this study.

The volume of storm water on the surface of a watershed may be
determined from the definition of surface runoff {which is inexact),
the volume of precipitation and the rate of runoff. The volume of
surface runoff is the fraction of the excess precipitation which
results in runoff. Table A-24 and Table A-25 provide average values
by months of the year of the cummulative precipitation necessary for
added surface runoff and the proportion of that excess rainfall which
runs off. These provide the expression for surface runoff (SRO):

SRO = (SRO/Pe) X (Po + AP1 - CPT)

where SRO/Pe is from Table A-25, CPT is from Table A-24 and the
: antecedent precipitation index (APIl) is determined by the time and
amount of the preceding precipitation.

The volume of water on the watershed due to precipitation
occurring on day one may be calculated from the value of SRO (in mm)
derived using the expression above and the factors in Table A-26. The
result is shown in Figure A-7. There 1is surface water on the
watershed during and immediately following a storm which does not run
off as surface runoff, but enters the ground or is evaporated (a very
small proportion). This surface water is not included in Figure A-7.
The amount of precipitation which 1is at the surface and then
immediately or later enters the ground is essentially the total
precipitation (Po) less the surface runoff (SRO). This may be derived
from the equation shown in the preceding paragraph.

The volume of ground water that is on the watershed surface at

any time is dependent on the ground water flow (Table A-2), and shape,
topogaphy, and size of the watershed. (summarized in Table A-1 for
the representative WSP). This volume is akin to "Channel Storage",
except that the term is associated with the excess volume of water in
the streams due to a storm (part of the volume shown in Figure A-7).
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Cubic Meters Surface Water on Watershed
per Square Kilometer per lmm SRO
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PO = Total Precipitation
l (Storm assumed to occur in 6-hour period)
1000 }—
= SRO = (5RO/P.) x (Po + API - CPT)
500 [
SRO = T
0 A1 1 |
1 2 3 4
Time After Storm (days)

Fiqure A-7, Volume of storm runoff on watershed.
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The volume in the streams when all flow is due to ground water (i.e.,
after the 4th day following a storm for the WSP watersheds being
studied) can be equated to the ground water flow and average time that
it takes emerging ground water to exit the watershed. The time of
concentration (or lag time) discussed above and shown in Table A-1 is
an indicator of the time that emerging ground water would take in
transit to exit the watershed. (Note: it is assumed that the
watershed boundaries apply to both surface and ground water runoff.
This is not necessarily the case but these boundaries generally
coincide in the Fulda River basin). The time of concentration may not
be used directly as it relates to the time for precipitation falling
at the extreme point on the watershed to contribute to the surface
runoff at its exit. By definition, ground water would not enter the
stream at that distance. Ground water becomes surface water at
springs, which then become, essentially, the head of perennial flowing
streams; or by seepage at the banks of a stream where a water table
with hydraulic gradient toward the stream is intercepted by the stream
banks. There can be some sheet flow associated with ground water
emergence, however, in a cultivated area such sheet flow would
generally have been intercepted by drainage ditches.

Values of time of concentration are partially determined by the
difference in elevation and are based on storm flows, which are larger
and at much increased velocities than when the sireams are fed only by
the ground water. Based on the average ground water flow (Table A-2),
an average slope for the Tlower basin of about .03 (Table A-1), an
assumed mean water depth of 1/4 foot taken is equal to the hydraulic
radius, a value of n of 0.050 for a typical natural stream channel,
and the Manning formula, an approximate average stream flow velocity
at the watershed exit of 0.6 meters per second can be derived.(A'7)
Use of this value and distance to the centroid of the watershed

(Column (6) Table A-1) provides a basis for a rough approximation of




m—————f -

the average time for ground water to be on the surface of the
watershed prior to exit (tga). The resulting expression for volume of

ground water on the surface at any instant (Vg, in m3) is as follows:

Vg(m3) = A, (f/sec/kmz) x Area (kmz) X tga (sec) / 1000
where Au is from Table A-2 for the corresponding month
Area is from Table A-1, column (4)

t__ = distance to center of area (km) (Table A-1, Col. (6))
98 x 1000/.6
The volume for ground water on the surface at any time may be
added to the volume of storm surface runoff determined from Figure A-7
to provide an estimate of the total volume of surface water, flowing
towards the exit, on a watershed at a given time.
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SECTION A-5

CONCLUSIONS

The above discussion and tabulated data provide bases for
determining: (1) the time following ground contamination that is
likely to elapse before soluble components of the contaminant are apt
to arrive at a water supply point, (2) the volume of water that may be
expected to arrive; and {3) the sources of that water. Soluble
material that enters the ground water would take much longer to
arrive, and its arrival would be distributed over years. The estimated
distribution of its arrival has not been estimated and application of
such empirical and theoretical bases as exist for such calculations
would be highly speculative.

In the absence of more detailed and coordinated German
precipitation stream flow records, and with recognition of their
intended application, the developed expressions appear appropriate.
The times of concentration could generally be ignored due to their
relative brevity, however, the estimates are provided (Table A-1) for
use in any cases of surface runoff concurrent with or immediately
following creation of neutron induced radjoactivity, fallout, or

rainout.
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SECTION B-1

INTRODUCTION

This appendix presents a technical description of the computer
code WSWCM (Watershed Water Contamination Model).  WSWCM has been
developed by Science Applications, Inc. (SAI) under contract to the
Defense Nuclear Agency (DNA) for use on the project entitled "Nuclear
Warfare Water Contamination Threat Assessment”.

The purpose of the computer code WSWCM is to determine the
radiological water contamination that would occur due to the
radioactive fallout from a nuclear weapon detonation. The focus is on
the water contamination threat to U. S. Army field forces that would

arise in the event of nuclear warfare in Lurope.

A review of the literature has shown that many water
contamination models have been developed, and are being developed, to
address specific situations such as the potential water contamination
associated with chemical and nuclear waste storage facilities; land
use changes like industrialization and wurbanization; and the
application of herbicides, pesticides, and fertilizers in agricultural

sreqs, (B-1, B-2, B-3, B-4)*

Typically, these models are very complex;
require a considerable amount of detailed information on the
characteristics of the contamination source, the relevant chemical and
physical processes, and the water source; and are often “calibrated”
so as to reproduce the results of actual field data. The application
of such sophisticated models for this water contamination threat
assessment is not appropridate nor necessary because of the scoping

nature of the assessment and the lack of detailed input information.

*The number in the parentheses denotes a reference that is identified
in Section B-5.

B-5




For the purposes of this assessment, a simple model which
incorporated the major factors that affect water contamination and
required a minimum of input data was deemed sufficient. Accordingly,
it should be wunderstood that WSWCM is a very simple water
contamination model intended only for scoping-type calculations.

The technical approach used in WSWCM is discussed in Section B-2.
A discussion of the computer programming for WSWCM, including input
and output descriptions, is given in Section B-3. Section B-4
provides a sample problem that illustrates the use of WSWCM.
Referenced material is identified in Section B-5.
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SECTION B-2

TECHNICAL APPROACH

B-2.1 Overview

The Watershed Water Contamination Model (WSWCM) calculates the
time-dependent activity concentration of fission product radionuclides
dissolved in water that could result from the deposition of nuclear
weapons' fallout on a watershed. WSWCM considers both the prompt
water contamination that would result from the fallout material
deposited directly in the water and the delayed water contamination
that would result from the fallout material initially deposited on the
land  surface and  subsequently  transported to the water by
grecipitation  runoff. A1l activity 1s  assumed initially to be
assuciated with solid particulate fallout. The activity may leave the
watershed only by radivactive decay or by being dissolved in water
which flows past the water supply point,

The principal characteristics of WSWCM are: (1) the watershed is
modeled as a mix?  tank, (2) radionuclide-specific distribution
coefficients are used to address fallout solubility, and (3) the
model treats radioactive decay including daughter in-growth. It is
Tiportant  to note that WSWCM  addresses radioactive material in
solution but does not incurporate any modeling of particulate or

sediment transport.

The technical approach adopted for WSWCM is described in the
following material. Section B-2.2 discusses the stream water
contamination model that treats the prompt water contamination. The
runotf water contamination model that treats the delayed water
contamination is discussed in Section B-2.3. A discussion of the
input data required for the models is given in Section B-2.4.
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B-2.2 Stream Water Contamination Model

The stream water contamination model addresses the rudiological
contamination that results from the ¢ir-ct degosition of fallout
waterial into the strean. The wmedel  deteruines the time-dependent
concentrations of radionuclides 1 the streas water thdt passes the

water supply point,

The  strean  water contamingtior  nedel  uses  four  separate
compartments Lo represent (e arount  ob o parent and dduyghter
radionuclides in solid and 1igid ,heses.  The nechgnssms for transfer
from one compartment Lo dnother coipdrtment include: radioactive
decay, dissoluition froo the solid phase to the Tiguid phase, and
transport of ligu d phase contuwinants out of the system by water
out-flow. The concentration of o radicnuc)ide 1n the stream water is
determined by dividing the activitly present in the Tiguid phase by the

voluie of water in the stredn.

The basic equations of the Streum water contamination model are
described in the fcellowing material.  Section B-2.2.1 discusses the
four-compartment model and the water concentration calculation. The
modeling of the dissolution from the solid phase to the liquid phase
is discussed in Section B-2.2.2. Section B-2.2.3 addresses the mixing
tank model that is used to treat the liquid phase transport of

contaminants out of the systeni.
B-2.2.1 Compartment Modeling and Concentration Calculation

The four-compdartient model used to keep track of the amount of
parent dand daughter radionuciides in the solid dand Tiguid phases 1is
shown 1n Figure B-1. For each compartment, a differential equation
can be written based on the rates at which material enters and leaves
the compartinent; the difterential equation can then be solved to
obtagin the amount of material in the compartment as a function of

time. These equations and their solutions are shown in Figure B-2.
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The model and equations given in Figures B-1 and B-2 are used to
determine the amount of a radionuclide present in the liquid phase;
for example, QWi(t) for radionuclide i. The activity concentration of

the radionuclide, C .(t), is determined by its radiocactive decay

Wi
constant, S and the volume of water in ihe stream, V, by

33 QW1 (t)

4
(t) =~

Cwi v

B-2.2.2 Dissolution of Radionuclides*

At equilibrium, the distribution of & radionuclide between the
solid phase and the lTiquid phase is expressed by a
radionuclide-specific distribution coefficient, Kd. By definition,

Kd = a@mount of radionuclide sorbed on solid phase,

amount of radionuclide left in solution

SO
eq
N QS /m
*
Qw /v
where
Qiq = amount of the radionuclide present in the solid phase
at equilibrium,
Qweq = Amount of the radionuclide present in the liquid phase

at equilibrium,
m = mass of solid phase material, and

V = volume of liquid phase material.

*In this discussion, the subscript i, denoting a specific radionuclide,
has been intentionally omitted to avoid unduly complicating the
equations.




The dissolution of a radionuclide from the solid phase to the

Tiquid phase 1s wmodeled as a first order reaction with a constant
coefficient,

d \
Ny,
dt
SO
4
: etk
o )
S e et nae ] de s mitially present only in the solid
r
"t ' “al areunt of the radionuclide present in both
-kt
L
N
‘W
t
oo
. =
o
v -kt
AR Te
okl
o debt o assumed that the equilibrium between the solid
. RIS dihivved within g time corresponding Lo the time
r v ¢ ' ¢

wtxny ke model, . So

. N -
e 10 oo 3
i Kk [ et \f] (

Y Al
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thus

k= Ln Qe Y]
T mKd

B-2.2.3 Mixing Tank Model

The portion of the stream that is up-stream from the water supply
point 1is considered to be a mixing tank in which instantaneous and
uniform mixing of the fallout material and the stream water occurs. A
time characteristic for this mixing tank model is obtained by dividing
the volume of water in the stream by the stream flow rate.

With a mixing tank model, the amount of a contaminant in the
stream is given by

X(t) = x et

where

XO 1s the initial amount of the contaminant, and

v+ 1S the time characteristic of the model.

B-2.3 Runoff Water Contamination Model

The runoff water contamination wodel addresses the radiological
contamination that results from the fallout material that is initially
deposited on the land surface and is subsequently transported to the
water by precipitation runoff. The model  determines the
time-dependent concentrations of radionuclides in the runoff water and
couples the watershed runoff with the stream water flow to give the
contamination of the water that passes the water supply point.

The runoff water contamination model follows the activity of
parent and ddughter vradionuclides during the time after initial
surface deposition when they are subjected to successive rains. The

radioactive material in the solid phase is affected by radicactive
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decay and dissolution into the liguid phase. The radioactive material
in the 1liquid phase 1is also affected by radioactive decay and
transport off the land into the stream by precipitation runoff.

The basic equations of the runoff water contamination model are
described in the following material. Section B-2.3.1 discusses the
method used to determine the amount of parent and daughter
radionuclides in each phase as time progresses. The runoff water flow
model 1is addressed in Section B-2.3.2. The equations used to determine
the stream water contamination that resulls from the contaminated
runoff water are discussed in Section B-2.3.3.

B-2.3.1 Contamination Time Sequence Modeling

The time sequence modeling wused for the runoff water
contamination model assumes that the fallout material is deposited on
the Tland surfae at time tO and rains subsequently occur at times tl’
12, ...tn. fach rain causes a partioning of the radioactive material
between the solid phase and the liquid phase. The material in the
solid phdse remains on the land surface and is subjected to further
phase partioning by successive rains. The material in the liquid phase
is transported off the land surface and into the stream by the

precipitation runoff.
Figure B-3 shows the sequence of events for the radioactive
material, both parent and daughter radionuclides, present in the solid

phase. tach of these events is described below:

a) t =t . The initial amounts of parent and daughter radionuclides
present in the solid phase are given by QOSIA and QOSIB’ respectively.

(b)) to <t < tl. During the time period prior to the first rain, the

process of radioactive decay affects the amount of the parent and
daughter radionuclides present in the solid phase. So,

. a0 -t
o] K -t . t 0 -5t
Os1p(t) = Oy '(;BA f)[e N R
B-14
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where A and ‘P are the radioactive decdy constdants for the parent and

daughter radionuclides, respectively.

c) t = t]. the first rain occurs at time t,. It is assumed that the
radionuctides instantaneously reach «¢n equilibrium  distribution

between the solid phase and thc liguid phase.

As pointed out in Section B-2.2.2, the distribution coefficient Kd is

given by the expression*

Kd = qgﬁn
0,/
S0 Q =4 . #V* ;
W > mKd

but the total amount of the raudicnuclide, .. 1%

Y o= 0 + N
O = g 0,
S0 i -0 ﬁ + ”yw]
U - U mk.d
v 1!
{ - . 4V
or R [1 mKd]

with, of course,

QW ) QT. - [l l mﬁﬁ ] )

This disscluting nt a radionuclide from the <»lid phase to the liquid

phase results in the following equations:

*Note that different values of m and V dare used for the stream water
contaminalion model and the runoff water contaminaticn model.




] v,y -1
Qspa(ty) = Ogqplty) - [1 Yokd

and

v, 1-1
= . +
Uspatty) = Ggppley)- [1+ 1]
mKkd
B
where specific distributicn coefticients are used for the parent and
daughter radionuclides (KdA and KdB, respectively), and V1 indicates

the volume ot potential runoft water associated with the first rain.

(¢) tp <t <ty o During the Uire period between the first and the

second rain, the ;rocess of radfivactive decay affects the amount of

the ;arent and daughtor radioraclides present in the solid phase. Sc,

1y oo ekt
Qgap () deop ity T AT
and ‘ (t-t,) _ t-t.)
. \ -oalt-tys et
Qg (B2 7 USPA“IW'(“{“_ >[O Ao e 1 ]
- it A
¥ \"\( ”",T]\ O"B(t"tl)

{ed toc to. The second rein occurs at time U, This rair cduses

another party oreg of  the rvadiosctive watorial nte the solid and

Piguid phases.

Se

and

This godeling of decay and dissolution can be continued as lonyg
g the radisactyve nateriel resent an the solid phase serves as d

seurce for the radiolegical contamnaton ¢f the water.
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As was seen in Figure B-3, radicactive material enters the liquid
phase at the time of each rain, (i.e., ty t2, etc.). Each rain is
treated as in individual event and the amount of radiocactive material
present in the liquid phase is affected only by radioactive decay.

For the first rain, the amount of radiocactive material initially
present in the liquid phase is given by

v, -1
Quialty) = Qgpplty) {1 - [re ml;A-] }
and

v,y -1
Quip(ty) = Qgqp{ty)- [1 - [1 + nﬂ<-(118] } :

At any subsequent time, the amount of parent and daughter
radionuclides present in the liquid phase, as a result of the first
rain, is given by

QWIA(t) = leA(tl) ,e-‘A(t-tl)
QWIB(t) = QNIA(tl).<\ \-A'A>. [e—\,A(t"tl) _ e_\B(t_tl)]

-\A
-\B(t_tl)

and

+

Unplty) - e

Similar equations can be written for the second rain; specifically,

> -
) = . -
Donalty) = Qpp(ty)e 41 [1 ¥ s .
Vv -1

= . - 2
szg(tz) Q52B(t2) { 1 b + nﬂab] J

- L (t-ts) and
QHZA(t) - QNZA(t?) e A 2

Quog(t) = Quoplty)- Q-‘L/).[e”‘/\(t‘tg) - e"B(t’tz)]

Y

B A
(t-t,).

+

Cuoplty) - e B




B-2.3.2 Runoff Water Flow Model

Figure B-4 shows the <¢ime history of runoff water on the
watershed. The figure is based on an engineering estimate of the
hydrological chardacteristics of a typical watershed. The key features
ot the time history are: (1) the volume of water on the surface
reaches a maximum at 8 hours, (2} the surface runoff is completed in

4 days, and (3) the integral of the time history curve is 1000

2
m3/KmL per mm of SRO (surface runoff).

An approximation to the time history curve of Figure B-4 can be
developed by considering a mathematical model for the volume of
surface water, V(t}, that has an input rate of Roe'\t and an output
rate of kV.

Mathenatically,

dt 0
with V(o) = o
thus V(t) = R.. 1 - [e_xt - e'kt]

The values of the paraneters of the equation (i.e., Ro’ k, and ) can
be determined by trial and error with the objective of matching the
three key features of the time-history curve shown in Figure B-4. The
parameter values of RO - 313.7 m3/hr per mm of SRQ, k = 0.0343 1l/hr,

and » - 0.3011 1/hr provide a suitable fit, as shown in Figure B-4.

Using this model approximation, the rate at which the runoff

water flows off the watershed given by

or
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Figure 5-4. Vnlume of storm runoff on watershed.
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where
F{t) = flow rate of runoff water, m3/hr per mn of SRO,
RO = 313.7 m3/hr per mm of SRO (a fitted constant),
h = 0.0348 1/hr (a fitted constant), and

v+ 0.3011 1/hr (a fitted constant).

A plot of the runoff water flow rate as o function of time is

shown in Figure B-5.

B-2.3.3 Water Contaitination Calculation

The equations presented in Section B-2.3.1 determine the amount
of parent and daughter radionuclides present in the liquid phase as 4
function of time for a specific rain. The activity concentration of
the radionuclides in  water is determined by the radionuclide
radioactive decay censtant and the volume of votential runoff water

. . . : th .
associated with the rain. For examgle, the | rain,

, s D)
C\.J'i /\k t) pey V_}\, -—— .\‘4.1\"_\- -
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o - s Gt

wiB® h Vi

The material presented in Section B-2.3.2 described a runoff
water flow model and presented an equation for the time-dependent flow
+
rate for the 1’h rdin,Fi (t—ti)'

When the contaminated runoff water enters the stream, it mixes
with the normal stream flow, F, and the existing stream water
contamination CWA(L) and CWB(L), as determined by the model described

in Section B-2.2

The resulting water contamination 1s qgiven by

n
. CWA<t) + Z Fi(t-t’i) - C (t)

wil

Cp(t) = —ee—m AT
Fe ) Folt-t)

1




and

n
FooCglt) + El F.
TS I -

n
Fe § OF
i=1

-ty
—_

n

where the 2: indicates the inclusion of up to n rains.
i=1

B-2.4 Input Deta tor Models

The streai water contamination model and the runoff water
contamination uwdel reguire three basic types of input data or
information: (1) fission product radionuclide data, (2) information
on watershed and precipitation chardacteristics, and (3) data and
information for solubility modeling. The following material discusses
the approach used to provide the necessary data and information for

cach of the three cateqories.
B-2.4.1 fission “roduct Radionuclides

The radioactive falloat from g nucledar weapon explosion contains
several hundred fissiun product radionuclides. For a variety of
reasons  fedge,  relative yield, radioactive decay characteristics,
water solubilhity, radiation dosimetry, etc.), not all of the fission
product raedionuclides are of significance to the water contamination
threat analysis.  Table B-1 lists those fission product radionuclides

that have been 1dentified as of importance to the thredt analysis.*

In Table B-1, the radionuclides are given as parent-daughter
patrs (e.qge, Sr-90, and Y-90), where relevant. This is an important

aspect of rad.oractive contamination modeling since there are cases

importance of specific radionuclides present 1n unfractionated
fission products in terns of ingestion dose commitments using
data from Reference B-4H.
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Table B-~1. Fission product radionuclides.

Normalized Normalized
Parent. 'Ground Concentration* unghter .Grognd Concentration¥*
Radionuclide (Ci/kmé for 1 R/hr at H+1) Radionuclide (Ci/km? for 1 R/hr at H+1)
Sr-89 4.1
5r-90 .027 Y-90 .0060
Sr-91 660. Y-91 .21
Zr-95 4.8 Nb-95 .0030
Ir-97 410, Nb-97 220.
Mo-99 100. Tc~99m 0.0
Ru-103 4.2 Rh~103 0.0
Ru-105 270. Rh~105 5.7
Ru-106 .079 Rh-~106 0.0
Sh-127 2.2 1e~127 0.0
Te-129m .070 Te~129 0.0
Te-131m 13. [-131 15.
Te-132 71. [-132 30.
1-133 300.
[-134 4400.
[-135 990.
Ba-140 24, La-140 .63
Ce-141 .93
Ce-143 200. Pr-143 .30
Ce-144 .94 Pr-144 0.0
Cs-137 .28
Nd-147 11. Pm-147 0.0

*The normalized ground concentrations were obtained using the SAI computer
code F'1IDOS described in Reference B-6. The calculated ratic of exposure
rate to the surface contamination was 13.4 R/hr per Ci/m2 at H+1 hour.
This ratio is equivalent to 2400 R/hr per KT/mi2, which compares quite
well with the value of the K-factor reported in Reference B-7.
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where the initial amount of a daughter radionuclide is small but large
amounts are subsequently added by the radiocactive decay of the parent

radionuclide.

Table B-1 also shows the normalized ground concentration (Ci/Km
for 1 R/Hr at H+l Hour) for each radionuclide. These concentrations
are based on the calculated inventory of unfractionated, U-235 fission
products present at one hour c¢fter the fissiogn event occurs. The
concentrations are referenced to a fallout deposition contour that has

an above ground external radiation exposure rate of 1 R/Hr at H+1 hour.

B-2.4.2 Watershed and Precipitation Characteristics

The watershed and precipitation characteristics used in WSWCM
pertain  to possible field water supply points located in  the
preselected scenaric area. This area, shown in figure B-6, 1s bounded
by Marburg, Giessen, Frankfurt am Main on the wes*, and the Fulda
River wvalley on the east. The descriptive information on  the
watershed and precipitation characteristics for the scenario irea is

contained in Appendix A, "Water Source Information.'

Tables B-? and B-3 provide infarmation on the wdatersheds that
support specific potential water supply points sited 1n the scenario
area. This information 1s used by WSWCM to determine the mixing tank
time characteristic, :, and the volume of water in the stream, V, for

the stream water contamination model.
The time chardcteristic - (hr), is determined by the distance from

the center of the watershed to the water supply point, D (Km), and the
estimated average stream flow velocity, S {m/s), by

B-.4
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Table B-2. Selected data on water supply points.

Water Supply Area Distance from Center
Point No. (Km-) of Area to WSP (Km)
1 63 6 58
2 10.0 14
3 12 6 3.2
4 27 1 27
5 12 8 4.0
6 28 1 35
7 12 2 36
8 30.9 20
9 13.6 25
10 79 30
11 12.4 45
12 16.6 5.3
13 93 32
14 21 4 39
15 33.0 72
16 17 4 3.2
17 10 8 2.3
18 8.4 2 6
19 20.5 3.9
20 22 1 33
21 87 3.1
22 14 3 31
23 19 9 40
24 317 4.6
25 45 3 6 4
26 15 4 2 6
27 95 20
Z 12.5 27
29 25 8 4 2
30 24 7 40
31 40 2 4.2
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Table B-3.

Month

January
February
March
April
May

June
July
August
September
October
November
December

Ground water areal flow rate.

B-27
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where the factor 1/3.6 converts Km/m/s to hr. Values for D can be
found in Table B-2 for each water supply point watershed. The average
strean velocity at the watershed exit has been estimated to be 0.6
meters per second.

The volutte of water in the stream V (7)), in the absence of

preciyitation runoft, is deterriined by the ground water areal flow
R e

rate, b (/s "), the area of the watershed, & [Uu"), and the

watershed L1oe characteristic, - (hr), by

V= F.A .- . (3600)

where the factor 30600 converts s to hr.

Tables B-4, B-H, and B-v proviae infoursation on the precipitation
characteristics of the scendario ared. This. information 1s used by
WSWCM to determine the volume of surface runoff water caused by
crecipitetion for the runoff water cuntaningt fon uodel.

The volume of s irfuce runott water resuling trom o given rain, V
(2), i determined by the ared of Lhe watershed, A (L"), and the

Tinear gnmount of surfuce runcft water, SRO fun), by

Vs A - SR L 108

! Lol
where the factor 10 converts ko -mn o o,

The Tlinear gmount of sartdace runoff water resulting fros a given
rain s determined by ‘he anount ot water depos ted by the rain, the
prtor precipitation history of  the watershed, and the hvdrological
characteristics of watershed.  The equations used for celculating the
linedar amount of surface runotf are:

SR [SRI/PT X

with

P D AP - P

€ 6]
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Table B-4. Estimated proportion of excess rainfall
which becomes surface runoff.

Month Surface Runoff/Excess Rainfall
January 0.45
February 0.65
March 0.58
April 0.34
May 0.1
June 010
July 0.13
August 0.10
September 0.12
October 0.16
November 0.40
December 0.42
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Table B-6. Cummulative precipitation necessary
for added surface runoff.

onth Threshold ()
January 8
February 4
March 5
April 9
May 12
June 12
July 13
August 13
September 12
October 12
November 10
December 9
B-31




APL =3 P x (0.9)"

where

SRO = surtace runoff (i)

[SRU/Pe] = surface runoff-excess precipitation ratio,
as given in Table B-4.

P excess precipitation (mm)
24-hour precipitation (mm); given in Table B-5

APl = antecedent precipitation index (nm)

CPT = cumulative precipitation threshold (mm), given
in Table B-6
po-n = 24-hour precipitdation n days before the day of bS

{but if Po-n > PV use Po-n = CPT, to avoid double
counting of prior precipitation that resul-.ed in
surface runoff), as given in Table B-5.

B-2.4.3 Solubility Modeling

Very little information 1is available on the solubility of
specific radionuclides present in nuclear weapons fallout. Information
is also lacking on the rate at which the fallout dissolves and the
radionucliides enter the Viguid phase. Most of the statements found in
the available literature regarding fallout sclubility refer to fallout
as bhasically nsoluble but cite some radionuclides present 1in the

fallout as soluble.

To handle solubility modeling in WSWCM use is made of
radionuclide-specific distribution coefficients. Information on these
distribution coefficients is found in those portions of the nuclear
power literature dealing with environmental contamination of water
bodies by routine releases from nuclear power plants and with the
impacts of potential releases of radiodactive material from long-term

B-8 -9 -
nuclear waste storage facilities. (B-4, B-9, B-10) The use of these
distribution coefficients for fallout solubility modeling provides a

reasonable approach in the absence of adequate data on actual fallout.
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A distribution coefficient is defined as:

amount of radionuclide sorbed on solid phase
amount of radionuclice left in solution

Since the solid phase activity is usually expressed in units of Ci/g
and the 1iguid phase activity in units of Ci/m. , Kd typically has
units of m /g. Table B-7 shows selected values of distribution
coefficients tor those elements whose radioisotopes are considered in
WSWCM.  For & specific clement, the value of Kd is dependent upon the
chemical state of the element, the tyre of solid matrix in which it
vxists, the physical characteristics of the solid and liquid phases,
and  the nature of the dissolution process; however, the actual
relatianshie of the value of Kd te these is generally not known.
Values of Kd are nornally deteriined by laboratory or field
experiments and, as shown in Table B-7, these values exhibit a wide

ranyge.

«r

is hrportant te note that the distribution coefficients refer
*n the phase distribution of the radionuclide at equilibriuv. In
WSWIML assui; tiens vade abhogt reaching equilibriur conditions are, 1in
cffect . assumitions rvegdrding the rate at which the radionuclides
dissolve.  white thewe assumprions do not appear unreasonable, 1t s

ot really possivle to validate them because of the absence of actual

n
fallout data.

To use distributior coetficients 1n WSWCM 1t 1s necessary to
specify the amount of solid phase material with which the radionuclide
iuoascociated. It nas been assumed that this solid mass is the amount
of so1l, or fallout material, represented by a uniform deposition over
the witorshed area of material with a thickness of 100 microns and a
density of 1.4 g/cc.  These assumptions give the solid phase material
a unifayrm areal density of 1.5 x 105 Kg/sz. This density 1is
multiplied by the darea of concern to determine the mass of solid phase
material. tor the stream water contamination model, the area is 1% of
the watershed area; for the runoff water contamination model the area

is 99% of the watershed area.




Table B-7. Selected distribution coefficients*.

Element @ﬁﬂl
Ba 500
Ce 10,000
Cs 1,000
I 10
La 500
Mo 25
Nb 10,000
Nd 10,000
Pm 10,000
Pr 10,000
Rh 5,000
Ru 5,000
Sb 100
Sr 1,000
Tc 1
Te 100
Y 1,000
Ir 1,000

*These values were selected from References B-8 and B-9. Reported Kd
values exhibit a wide range; for example the value for Zr ranges from 1000
to 10000 and the value for Sr ranges from 8 to 4000.




SECTION B-3

COMPUTER PROGRAM

B-3.1 Introduction

The computer program WSWCM is written in ""RTRAN-IV for operation
on the PDP-11 mini-computer at SAI-Schaumburg. WSWCM requires 16K
memory storage. A typical WSWCM problem has a running time of 5
minutes. User problem input 1is provided from a keyboard terminal.
Code output is directed to a printer and a disk file for subsequent
data plotting.

WSWCM consists of a main program with seven subroutines. Stored
data arrays in the code contain problem-independent data.
Problem-dependent data is input by the user. Program output is
printed and processed for input to a separate data plotting package.
Figure B-7 1llustrates the basic organization of WSWCM.

The following sections provide a more detailed description of
WSWCM. The user input is discussed in Section B-3.2. Section B8-3.3
describes the main program, subroutines, and stored data arrays. The
program output is discussed in Section B-3.4. A Fortran listing of
WSWCM is provided in Section B-3.5.

B-3.2 User Input
The wuser-supplied, problem-dependent input to the computer
program WSWCM consists of three types of data: Basic problem data,

precipitation data and radionuclide data. Table B-8 indicates the
input data required.
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User Input

Main Program

Subroutines

Stored Data Arrays

ASWCH

HEAD
TAIL
SUM
RESET
STEADY
RATN
FLOW

xB

XD
CPT
SROPL
FC

Program Qutput

Figqure B-7. Basic organization of WSWCM,
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14.
15.
16.
17.
18.

Table B-8. User input data required by WSWCM.

———————— Basic Problem Data - - - - - - - -

Fallout Exposure Rate of Watershed

Problem Simulation Time

Identification Number of liater Supply Point
Month in which Problem Starts

Number of Rains during Problem Simulation Time
Number of Parent-Daughter Radionuclide Pairs

------- Precipitation Data - - - - - - -

Time at which iEE-Rain Occurs
Amount of Precipitation in 1‘En Rain
Antecedent Precipitation Index for 1Eﬂ Rain

Month in which iEﬁ Rain Occurs
------- Radionuclide Data - - - - - - -

[dentification Name of jEﬂ Parent Radionuclide

Radioactive Half-Life of th-Parent Radionuclide
Distribution Coefficient of jEﬁ Parent Radionuclide
Normalized Ground Concentration of jEn-Parent Radionuclide
Identification Name of jEﬂ Daughter Radionuclide
Radioactive Half-Life of th-Daughter Radionuclide
Distribution Coefficient of jY Daughter Radionuclide

Normalized Ground Concentration of jtﬁ Daughter Radionuclide
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B-3.2.1

The basic problem data is ygiven on a single card image containing
6 data entries.

Basic Problem Data

listed in Table B-3.

(1)

Fallout Exposure Rate of Watershed
Name : R
Format : £10.3

Remarks: The fallout exposure rate of the watershed
is the normalized external exposure of the
fallout expressed das R per Hr at H+1l Hour.
This rate is assumed to be uniform over the
watershed area.

Problein Simulation Tinme
Name: L TMAX
Format: 15

Remarks: In the model, time starts at 0 and continues to
LTMAX., LTMAX is expressed in hours.

Identification Number of Water Supply Point
Naine : NWSP
tormat: 12

RemarKs: The model contains data (see Section B-3.3
regarding stored data arrays) for 31 specific
water supply points/watersheds.

Month in which Problem Starts
Hame: MOS
Format: 12

Remarks: The months of the year are numbered from
1 (January) to 12 (December).

Number of Rains during Problem Simulation Time
Nanme: N

Format: 12

Remarks: None

Number of Parent-Daughter Radionuclide Pairs
Name: NNUCS

Format: 12

Remarks: None

B-38

These data entries correspond to the first six items




& 8-3.7.2 Precipitation Data

The

through

precipitation data consists of 4 data entries
10 of Table B-8)

given on a single card

(Items 7

for each rain; the data for each rain is

jmage. The user must input N precipitation

data card images (see Section B-3.2.1, Item 5).

(7) Tiwe at Which it" Rain Occurs
Name: LTI(I)
i Format : 15
Remarks: LT1{(I) is expressed in hours.
(3) Awount of Precipitation in ith Rain
Name: XPO
Format : rio.3
Remarks: XP0O is expressed in mm.
(9) Antecedent Precipitation Index for ith Rain
Name: AP]
Format : £10.3
Remarks: APl is expressed in mm.
I (10) Month in which ith Rain Occurs
Nane: MOR
Format : 12
Remarks: The months of the year are nunbered from
1 (January) to 12 (December).
B-3.2.2 Radionuclide Data F
The radionuclide data 1s provided for parent -daughter
radionuclide pairs on two card iwages; the first card iwmage is for the
narent  radionuclide, the second card iwage s for the daughter ’
radionuclide. Lach card image contains 4 data entries; these entries

correspond to items 11 through
B-#. The user must 1nput NNUCS
(see Section B-3.2.1, ltem 6).

the

inputs the specific radionuclide

parent-daughter pair, user

14, or items 15 through 13, of Table
pairs of radionuclide data cdard images
[f @ radionuclide is not a member of a
data for the

enters null parent and

data for the daughter radionuclide.

B-39




(14)

(16)

[dentification Names of Jth Parcent Raagionuclide
Name: NAMLA
Format : A4

Remarks: If the radionuctide SR EN doesn ' neve a
enter NONE,
. . th
Radiovactive Half-Late of Parent Redres ool de
Name : THALEA
Format : Flo. 3

Remarks: THALFA 15 expressed 1n hours, 1f the
radionucltde patr doesn't have o ,arent enter

1.000L +00.
Distribution Coefficient of jth Parent ®Kanonuclige
Name: YRDA
format: Y10.2
Remarks:  XKDA is expressed in units of /by, if the

radionuclide pair doesn't have 4 jarent enter
1. 000L <00,
. : . ~ . th . .
nornalized Ground Concentration ot Parent Radionuclide
Name: GA

1}

Format : 10,3

Remarks: GA 1s expressed i antts of Ci per R/Hr at 4+l
hour. if the radionuclice pair doesn't have a
parent enter 0.000tL -00.

Identification Name of jth Diughter Radionuclide

Naiie: NAMERB

Format : Ad

Remdrks: None

Radivactive Half-Life of Jth Daughter Radionuclide

Name: THALFB

Format: L1003

Remarks: THALFB is expressed in hours.

Distribution Coefficient of jth Daughter Radionuclide

Name : Xt.DB

Format : 10,3

Remarks: XKDB is expressed in units of 7 /Kg.




(18) Normalized Ground foncentration of jth Daughter RADIONUCLIDE
Naie : GB
Format: £10.3
Remarks: GB is expressed in units of Ci per R/Hr at
H+1 hour.

B-3.2 Computer Program

The computer program WSWEM consists of a main progran and seven
subroutines. WSWCM alse has  stored data arrays that contain

prohlem-independent data.

P-3.3.1 Main Prograw
The main program controls the operation of the model and performs
some of tr2 problem caelculations and problem input/output operations.

The basic flow of the main pregram is tilustrated in Figure B-3.

As seen in Ficure B-2, ‘he main program initially assewbles the
basic problem data and precipitation data provided as user input, and
some of the watershed and jrecipitation data provided by the stored
data array; the data are used *to calculate some of the watershed and
precipitation parancters.  The main program then begins to calculate
water contamination  values by processing  each  parent-daughter
radionuclide pair in succession. For cach parent-daighter pair, the
main program reads the user-provided radionuclide dota, calculates the
imtial water contamination and delayed water contaminatien, and
outputs results. The water contamination calculations are jperformed
using a time step of ane hour for the tirst 23 hours of the problen
ant a time step of 3 hours for the remainder of the problem simulation
time. The calculated results include the radionuclide concentration

4

and the time inteqral of the radionuclide concentration, for both the
pdrent  and  the daughter radionuclide, and a composite radionuclide

concentration which agqregates all of the radionuclides.
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Each parent-daughter radionuclide pair is processed through the
model for the problem simulation time. After all radionuclide pairs
have been processed, the problem is completed and the computer program

terminates.
B-3.3.2 Subroutines
The main program flow diagram presented in Figure B-8 showed the
| calls made to the subroutines in WSWCM. Table B-9 1ists the seven

subroutines and identifies their purposes.

B-3.3.3 Stored Data Arrays

WSWCM has five stored data arrays that contain
problem-independent data. Table B-10 lists the arrays and identifies

the data contained in them.

B-3.4 Program Output

The output provided by the computer program WSWCM includes:

0 the radionuclide concentrations in water as a
function of time for each parent-daughter radio-
nuclide pair,

0 the radionuclide concentration in water as a
function of time for all radionuclides present, and

0 the time-integrated radionuclide concentrations in
water as a function of time for each radionuclide.

This output is directed to a disk file (Unit-2) to provide results for

subsequent processing to a graphicel form.*

*The output could also be directed to a printer {(Unit-3) to provide
results in a tabular form. FORTRAN Write statements for this purpose
are contained in the WSWCM program, but have been Commented out since
they are not needed if the disk file is used.
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s R

HEAD

RESET

STEADY

RAIN

FLOW

SUM

TATL

Table B-9. WSWCM subroutines.

This subroutine sets up the headings and labels on the
data plots

This subroutine initializes data values at the start of
the program and at the beginning of each new month,

This subroutine calculates the radionuclide concentrations
in the steady flowing stream in the absence of precipitation
runoff

This subroutine calculates the radionuclide concentrations
in the runuff water.

This subroutine calculates the time-dependent flow rate of
the runoff water into the stream

This subroutine performs trapezoidal integration of the time-
dependent radionuclide concentrations to determine the
integrated concentration

This subroutine writes the data arrays into the data plot
file
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Table

XB(31) -

XD(31) -

cPT(12) -

SROPE{12)-

Fc(12) -

B-10. WSWCM stored data arrays.

This array contains the area of each watershed,
see Table 2-2

This array contains the distance from the center
of the watershed area to the water supply point,
see Table 2-2.

This array contains the monthly data on the
precipitation threshold for surface runoff,
see Table 2-6

This array contains the monthly data on the ratio
of the surface runoff to the excess rainfall,
see Table 2-4

This array contains the monthly data on the
ground water areal flow rate, see Table 2-3
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The processing of the disk file to produce data plots is
performed wusing a generalized plotting program written for the
Versaplot-07 System (B-11) A FORTRAN listing of this program is
provided in Section B-3.5. It should be noted that the program is not
part of the WSWCM program and was not developed as part of this work.

B-3.5 Computer Program Listings

A FORTRAN Tisting of WSWCM is provided in Figure B-9. A FORTRAN
listing of the figure plotting program used with WSWCM is provided in
Figure B-10.
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OO0 0000000O0a0000000000

PROGRAM WSP

A PROGRAM TO ESTIMATE ACTIVITY CONCENTRATIONS IN A STREAM
FOLLOWIN™ A CONTAMINATING FALLOUT EVENT. CONTAMINATION
DUE TO R@'OFF FOLLOWING RAINS IS INCLUDED.

.THIS PROGRAM CREATED FEBRUARY, 1982 BY JIM A. ROBERTS AT SCIENCE
. A?PLICATIONS INC., SCHAUMBURG, TLLINOIS. ITS INTENSED USE IS FOR
..SCALING CALCULATIONS CONCERNING SMALL WATERSHEDS IN EUROPE.

. .HYDROLOGY DATA SPECIFIC TO THOSE WATERSHEDS ARE INCORPORATED IN
.. THE MODEL UPON WHICH THIS PROGRAM IS BASED. USE OF THIS PROGRAM
.FOR OTHER CALCULATIONS 1S DISCOURAGED.

JFC IS THE MONTHLY AVERAGE GROUNDWATER FLOW APPEARING ON THE

SURFACE OF THE WATERSHED (L/S*KM**2).

.SROPE IS TH:I FRACTION OF EXCESS PRECIPITATION WHICH RUNS OFF

ON THE SURFACE, AVERAGED BY MOKTH.

.C?T 1S THE MONTHLY AVERAGE PRECIPITATION THRESHOLD WHICH

MJIST BE EXCLEDED BEFORE SURFACE RUNOFF BEGINS (MM).

..H20.DAT IS 7HE DATA INPUT FfILE.
..WATER.DAT IS AN QUTPUT FILE FOR INTEGRATED ACTIVITY CONCENTRATIONS.
.PL.DAT IS AN QUTPUT FILE FOR PLOTTING ACTIVITY CONC:ZNTRATIONS

VS. TIME USING PLOT PROGRAM BY EGBERT.

.R IS R/HR AT 1M ABOVE GROUND AT H+1 HR.

H+1 HR IS THE START TIME FOR THIS PROGRAM.

..B IS5 AREA OF THE WATERSHED (KM=%*=*2).
.0 IS THE DISTANCE TO THE CoNTER OF THE WATERSHZD (KM).
.TAU IS THE AVERAGE RESIDENCE TiME (HR) FOR GROUNDWATER TO FLOW ON

SURFACEZ OF STREAM BEFORE IT PASSES THE WATER SUPPLY POINT (WSP).

..83 IS THE ARXEA OF THE STREAM SURFACE (KM**2),
X4 IS THE MASS (KG) OF 188 MICRON SEDIMENTS WITH DENSITY

1.4 G/CM**3 [N THE STREAM BED.

LLTMAYX IS THE NUMBER OF HOURS FROM START TO END OF PERIOD

OF IHNTEREST FOR THIS PROGRAM.

..MJ3 IS THE NUMBE# OF THE MONTH IN WHICH THE EVENT OICURS.
..N IS THE NUMBER OF RAINS FOR WHICH DATA WILL BE ENTEKED.
CNNUCS IS THE NUMBER OF PARENT-DAUGHTIR NUCLIDE PAIRS PLUS

THE NUMBER OF NUCLIDES WHICH WI.L BE ENTERED WITH PARENT *'NONE'.

..LT1 IS THE TIME (HR) AT WHICH THE RAIN OCCURS.
L. X7P 1S THE AMOUNT OF RAIN IN A DAY (MM),
LAPT IS THE ANTECEDENT PRECIPITATION INDEX (MM), A MIASURE OF THE

DZGREE TO WHICH THE GROUND IS SATURATED FROM PREVIOYS RAINS.
IT IS CALCULATED USING THE SUMMATICN PRESENTED BY S:iIVERS.

..MOR IS THE NUMBER OF THE MONTH IN WHICH THE RAIN OCCURS.
.S20 IS THE AMOUNT Of PRECIPITATION FROM A DAY'S RAIN

WHICH APPEARS AS SURFACE RUNOFF «MM).

..LHR IS THE NUMBER OF HOURS IN A MONTH.
.NAMEA AND NAMEB 4RI ABBREVIATED HAMES FOR THE

PARENT AND DAUGHTER NUCLIDES RESPECTIVELY.

.THALFA AND THALF3 ARE THE RADIOACTIVE HALF-LIVES

FOR THE PARENT AND DAUGHTER IN HOURS.

XKDA AND XKDB ARZ THE DISTRIRUTION COEFFICIENTS

FOR PAPENT .AND DAUGHKTER WHICH RtLATE THE QUANTITY
OF THE NUCLIDES SORBED ON SEDIMYKRTS TC THIZ AMOUNT
IN WATER SOLUTIOMN AT EQUILIBRIUM (CI/KG / CI/L).

.GA AND GB RELATE THE INITIAL ACTIVITIES OF PARENT AND

DMUGHTER TO THE R/HR AT H+1 HR. UNITS ARS CI/ R/HR.

.XLA AND XLB ARE THE RADIOACTIVE DECAY CONSTANTS

FOP PARENT AND DAUGHTER (HR-1).

LAAS AND AB@ ARE INITIAL ACTIVITIES OF PARENT AND DAUGHTER

FALLING AS SEDIMENTS INTO THE STREAM.
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.CA AND CB ARE THE TIME-DEPENDENT ACTIVITY CONCENTRATIONS

0f PARENT AND DAUGHTER IN THE STREAM IN THE ABSENCE OF

RAIN, UNITS ARE PCI/L.

.AWA AND AWB ARE ACTIVITY CONCENTRATIONS OF PARENT AND DAUGHTER IN
STREAM WATER AT THE END OF A MOMTH.

..MON IS THE NUMBER OF THE CURRENT MONTH.

..L IS A COUNTER F9DR THE NUMBER Of TIMc STEPS.

.SUMFCA AND SUMFCB ARE THE SUMS OF THt PRODUCTS OF CONCENTRATIONS
TIMES FLOW RATES AT A GIVEN TIME FOR THE STEADY FLOWING STREAM
AiD ANY RUNOFF RAIN WATER FOR PARENT AND DAUGHTER RESPECTIVELY.
.SUMF IS THE SUM uf THE FLOW RATES FOR THE STEADY FLOWING STREAM
AND RUNOFF RAIN WATER AT A GIVEN TIME.

NWSP 1S THE NUMBER OF THE WATER SUPPLY POQINT OF INTZREST FOR THIS RUN.

DIMENSION FC(12),SROPE(1Z2),CPT¢12),LT1(108),5SA(1220),XB{(31),
IXDe31) SSBC1GAA) SROCIAA ) XL1AMA) [ VA(CL1IMZ)Y  VBC18EY) ., ¥YCL10238)
COMMON/C1/3,R,5A,GB,J XKDA, XKDB

COMMON/C2/V XKA XKB XL 1, AL2,X1.3,XL4 EL4Z,EL21.ELLT.
IEL31.EL43.CA.CS.XLA.XLB,AAﬁ.ABﬁ.AWA AWE

DATA XB/63.6,15..12.6 27.1.,12.8,28.1,12.2,38.9.13.6.7.9,
112.4,16.6.9. 21.4,33. 17 4.lﬂ 8 §.4.28.5,22.1.8.7.

214.3,19.9, 31 .45.3.15 4.9.5,12.5,25.8.24.7.40.2/
DATA XDs5.8,1.4,3.2.2.7,4.,3.2,3.6.2.,2.5.3.,4.5,5.3,3.2,3.9.,7.2.
As.L._.S 2 6.3.3,3.3.3.1.3.1.,4. 4 6.6 4,2.6,2..2.7,4..,4..4.2/
DATA FC/3.7.5.4.4.9.5.4,3.2,2. -9,
11.9, .9.2.’ 3.1,3.4/
DATA SROPE/ 45,.65,.58,.34,.11,.18.,.13,

.10, Lo 16, .40, .42

DATA CPT/B.‘4..5..9..12..12..13..
113..12.,12.,10..,9./
INTEGER*4 NAMEA,NAMLB
OPEN{UNTT=1,NAME="H20.DAT' ,TYPE="0OLD"' ,RFADONLY)
OPENIUNIT=3 NAME="WATER.DAT' ,TYPE="'"NEW"')
OPEN(UNIT=2 ,NAME="P; .DAT ', TYPZ="'NEW')
WRITE(3.333)
333 FORMAT(8X. INTEGRATED CONCENTRATIONS PCI*DBAY/L' .//)

LREAD IN NUCLIDE INDEPENDENT DATA.

READ( 1,137, LTMAX ,NWSP ,MOS . N, N3UCS
1] FORMAT(EL1Z.3,15,412)

3=XB{NWSP )
0= XD{NWSP)
TAU=(D*1003.)/(8.6"360¢F.
8B=0.31+*8
AM=38%1 4F+@5

.READ I RAIN DATA AND CALCULATE 3RO FOR EACH RAIN.
DO 28 1=1,N
READ(L1.7).T1CI1.XP@ AP MOR

7 FORMAT(I15,2E10.3.12)
APC=AP1-CPT(MOR)
IF(APC.GT.J.0)APC=Q.0
SRO(IY=SROPE(MOR)I*(XPA+APC)

29 CONTINUE

.CLEAR GROSS ACTIVITY ARRAY.
00 34 I=1.1900@
YC(1)=0.0

37 CONTINUE
_HR=729

LBEGIN NUCLIDE LOOP
BO 320 I=1,NNUCS

LINITIALIZE MON FOR EACH PASS THPOUGH LOOP.
MON=MOS

.READ IN NUCLIDE-DEPENDENT INFORMATION FOR A PARENT DAUGHTER PAIR.
READ(1,2)NAMEA ,THALFA ,XKDA,GA
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2 FORMAT(A4,3E18.3)

READ« 1,2 )YNAMEB,.THALFB,XKDB,GB
XLA=ALQOG(2.8)/THALFA
XLB=ALOG(2.8)/THALFB
AAD=BB*R*GA
ABY=BB*R™*GB

C...CALL HEAD TO WRITE HEADINGS FOR PLOTS
CALL HEAD(NAMEA NAMEB LTHAX NWSP)

L=3

KNTR=-1
AWA=Y. &
AWB=3.2
CA=3.2
CB=9.0

C...BEGIN OUTER TIME LOOP, WHICH CAUSES THE INNER LOOP TO FIPST GO FROM
C 1 TO 24 IN STEPS OF 1 HR, THEN FROM 27 TO LTMAX IN STEPS OF 3 HR.
DO 240 [RTP-1.3.2
ISTP - IREP
IFCISTPL.EQ.1)GO TO 58
1TF=27
ITL-LTMAX
GO TO 81
58 ITF=1
1TL-22
51 CONTINUE
C...BEGIN INNFR TIME LOOP.
DO 1Y3 1-TTF . I7L.ISTP
C...CLEAR SUMS “OR &£aCH TIME STEP
SUMFCA=3.0
SUMECE=D. D
SUMF =0, 3
LNIW=J/LHR
TP LhOW. LD KNT2:50 TO 111
ENTR=LNOW
o= P OOMON )
C..CALL RISET TO INITIALIZE VALULS 1F 1T°'S THE FIRST TIME
THR0UGH AND TO RE-INITIALIZE WHEW IT'S A NEW MONTH.
CALL RESET(F XYM, LNOWJ,LHR,FMD B, TAU,xKDA ¥+ DB
C...A3JANCE MGN FOR NEXT CALL TO RESET.
MON=MON+|
TFOMON.GT 12 IMON=]
111 7ONTINUE
JT=J- U NOWSLHR

[aXel

C...27 IS "LMEEP OF +OURS SINCE START OF PROGPAM QR NEW MONTH.
C.o..CxlL STHADY TO CalCULATE CDONCENTPATIONS IN STEADY STREAM FLOW
CALL STEANVIIT:
SHUMFZA= A"y
SLUNMFCBR=(B"Y
SUMF-F
C...CALL RAIN TN CALCULATY. THE CONCENTRATIONS AND ASSOCIATED
C FLOW RATES INTO THF STREAM FOR taCH RAIN AT TIME J.
D0 EA Kl N
CTELT O
TF(R.GT . I LT=L "R =LTI( -1
IFCI.GE.LTI(K Y. AND v J-L Tk )Y, LE ,B6)
TCALL RAINCK LT, LTI ), SRO(K ), "iMFCa,SUMFCB,SUMF X A XLB)
6F CCNTINUE
CONA-SUMFTA/SUME
CONB=SUMF B/ 5UMF
C...C2NA AND CONB ARE THE TIME-DEPENDENT ACTIVITV CONCENTRATIONS OF
c PARENT AND DAUGHTER IN THE STREAM INCLUDING THE CONTRIBUTIONS
o F20M RAINS.
C...SAaMPLE WRITES FOR THOSE NOT PLOTTING
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C WRITE(3,3)NAMEA,J,CONA
o WRITE(3,3)NAMEB,J,CONB
3 FORMAT(1X, CONCENTRATION OF ' ,A4,' AT TIME', 15,
1' HOURS IS',E12.5,' PCI/L")
L=L+1
X(LY=J
IF(CONA.LT.]1.8F-21)1CONA=1.9PE-2]
YA(L '=CONA
IF(CONB.LT.1.4E-21)CONB=1.08E-21
¥Y3(L !=CONB
CONT=CONA+CONB
YCOL)Y=YCCL)+CONT
198 CONTINUE
290 CONTINUE
C...S8ET UP CALLS TQO SUM FOR INTEGRATED CONCENTRATICNS.
SUMA=3 .9
SUMB=0.0
SSA(11=0.0
IF(GA.EQ.F.2)G0 TO 241
CALL SUM(VA(1),1.0,24,SA1)
SUMA=SAL/24.
SSA(1)=SUMA
C WRITE(3,298)NAMEA, SUMA
291 CONTINUE
CALL SUM(VB(1),1.9,24,881)
SUMB=SB1/24.
SSB(1)=SUMB
c WRITE(3.298 )NAMEB.SUMB
298 FORMAT(I1X, 'INTEGRATED CONCENTRATION OF ' ,A4,' AT DAY 1 18,
1E12.6,' PCLI*DAY/L')
DO 91 LPAY=2,LTMAX/24
LOC=14+((LDAY-2)*8)
SSA(LDAY)=0.2
IF(GA.EQ.J.9)G0 TO 242
CALL SUM({YA(LOC).3.2.9,5A)
SA=SA/24.
SUMA=SUMA+SA
SSA(LDAY)=SUMA
C WRITE(3,238 )NAMEA,LDAY,SUMA
202 CONTINUE
CALL SUM(YB(LOC),3./,9,.58)
SB=Sg/24.
SUMB=SUMB+SB
SSB(LDAY)-SUMB
C WRITE(3,299)NAMEB ,LDAY ,SUMB
299 FORMAT(1X,'INTEGRATED CONCENTRATION OF ', A4, AT DAY ,I5,
1 1S E12.5," 2C1*DAY/L )
g1 COMT!INUE
C...CALL TAJL TO DO FINAL WRITLS TO PLOT FILES

Ir=1
CALL TATLCL X, YA, ¥YB.YC,LTMAY 11 ,NNUCS  NAMEA ,NAMEB ,LDAV SSA,SSB.
iNWSP)
397 CONTINUE

TLOSTCUNIT=2,DISP="SAVE ")
CLOSECUNIT=1)
CLOSe(UNIT=3,DISP="SAVE "}
STNp
END

c

C
SUBROUTINE RESET(F , XM _LNOW,LHR FMO.B,TAU,XKDA,XKDB?
COMMON/C2/V XKA,XKB XL 1, XL2. XL XL 4, EL42 EL21 EL4L,
LEL31,ELA43.CA,CB.XLA,XLB,AAR,ABP AWA AWB

c
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C...SUBROUTINE TO INITIALIZE VALUES AT START OF PROGRAM AND
BEGINNING OF EACH NEW MONTH.

(e Xzl

[F(LNOW.LT.1)GO TO 1@
AWA=CA*V/1 . B8E+12
AWB=CB*V/1.9E+12
..AWA AND AWB ARE ACTIVITIES OF PARENT AND DAUGHTER IN STREAM
WATER AS COMPUTED AT THE LAST TIME STEP IN PREVIOUS MONTH.
EIHR=-XL1*LHR
IF(EIHR.LT.-50.)E1HR=-59.
EIHR=EXP(EIHR)
E2HR=-Y1L2*LHR
IF(EZHR.LT.-50.)E2HR=-50.
E2HR-EXPCE2HR )
ABZ=1 XLB*AAQ/{XL2~XL1))*(EI1HR-E2HR ) +ABA*E2HR
AAQ=AaAT*ELHR
...AAZ AND AB@ SET TO ACTIVITIES OF PARENT AND DAUGHTER IN SEDIMENTS
AFTER ONE MONTH OF DECAY AND INGROWTH.
18 CONTINUE
F=FMC*B
V=F®*TAU*3600.
XKA=4LOG(1.9+V/(XKDA*XM))/TAU
XKB=ALOG(].Q+V/(XKDB*XM))/TAU
XL 1=XLA+XKA
XL2=XLB+XKB
XL3=XLA+1.8/TAU
XL4=XLB+1.0/TAU
EL4Z2=XL4-XL2
gEL2l-nL2-xt!
EL41=XL4-XLI
EL31=XL3-XL]I
ELA43=XL4d-NL3
RETURN
END

(sXe)

o0

SUSROUTINE STEADY(JT)
COMMON/C2/V XKA XKB.XL1.XL2 . XL3 . XL4 EL42 . EL2]1.ELAL,
TEL31.EL43,.CA.CBXLA.XLB.AAZ ABO AWA AWB

C

C...SUBROUTINE TO CALCULATE CONCENTRATIONS IN STEADY FLOWING STREAM.
C

-XL1*JT)

=
(E1.LT.-5&.)E1=-50.
=EVP(EL)Y
(€
3

-XL2*JT)
2.LT.~50.)E2=-57.
[

IF(E3.LT.-502.)E3=-50.
E3=EP(E3)

E4=(-NLA4*IT)
IF(EA.LT.-59.)E4=-57.
E4=EXP(EYL)
TERMI=XLB*XKB*AAQ/EL2]
TERM2=EI1/ELAL-E2/EL 42
TERM = ¥KBYABA*E2/EL &2
TERMA=XLB*XKA*AAR/EL. 3!
TERMS=E1/EL41-F3/EL4S
TERMO6=XLB*AWA*E3/EL43
TERM =(1.08/EL41-1.0/EL42)
TERM3=XKB"ABR/LLA2
TERM2=(1.8/0L41-1.0/EL43)
TERM1Q=XLB*AWA/EL 43
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ELCB=AWB-(TERMI*TERM7+TERMB+TERMA*TERMI+TERMIF)
CB=(1.0E+12/V)I*(TERMI*TERM2+TERMI+TERMAXTERMS+TERMB+ELCB*E4)
CA=(1.BE+12/VI*( (XKA*AAD/EL3L I*(E1-E3)+AWA*E3)

RETUN

END

SUBRQUTINI RAIN(K,LT,LT1,SRO,SUMFCA,SUMFCB,SUMF ,XLA,XLB)

.SUBROUTIMNE TD CALCULATE TIME-DEPENDENT CONCENTRATIONS OF PARENT AND
DAUGHTER IN RUNOFF RAIN WATER.

OO0 el gl

COMMON /C1/B,R,GA.GB.J.XKDA ,XKDB
DIMENSION AA(109),AR(18D)
V1=SR0O*B*1.AE+J6

C...V1 IS THE VOLUME OF WATER (L) ASSOCIATED WITH A GIVEN RAIN

C = MM*(M/10**3 MM)*(ARZA IN KkM**2)1*(1g%*6 MA®/KM**2 )" 1@g**3 | /M**3
XM1=.99*B*].4E+25

C...XM]l IS THE MASS 2JF 1@0 MICRON PARTICLES WITH A DENSITY OF 1.4 G/CM**3

C COVERING THE SURFACE OF THE WATERSHED QUTSIDE THE STRLAM BED.
IF(K.GT.1)G0 70 71
RACK I=R*Q , G3*B*GA
AB(K)=R*J,9Q9*3*(GQ

C...AA(1 )Y AND A3(1l) ARE THE ACTIVITIES OF PARENT AND DAUGH.ER ASSOCIATED

C WITH PARTICLES AT THE START OF THE PROGRAM,

71 CONT. it

C...SET Als AND AIB 7O ACTIVITIES LEFT IN SEDIMENT AFTER LAST RAIN.

AlA=AA(N)

L1B=AB(K,

CFLA==-YLA*LT

IFLECA.LT,.-50.)ELA=-5F.

ELA=CXP(ELA)

ELB= MLB*. T

IFLELS . L7.-52.)ELB=-50,

ELB=EAP{ELB)

ALB=(XLB/(XLB-XLA»Y*ATA* ELA-ELB)+AIB*ELB
AlA=11A*ELA

C...AlA AND AlB ARE NOW DECAVYED TO TIME OF PRESENT RAIN.

C...EIA AND EIB ARE ACIVITIES LEACHED INTO RUNOFF 'WATcR.
ETA=ATAY (1 +XKDA*XMI V1)

EIB=AIB/(1+XEDE*XML v i)

C...371 IS TIME FPOM START QF THIS RAIN TO PRESENT TiME STEP.
JT1=0-0T1
ELLA--XLA*(JTI
TRCEILA.LT. =52 [ lLA--54.

EILA=EXP(ELILA)
EILE=-XLB*(IT]"
IF(EILB.LT.-5a. [ [LB=-50.
FYLB-EXPLEILE)

C...Cla AND 218 ARE AUTIVITY CONCENTRATIONS IN RUNOFF WATER AT TIiME J.
CIB=01.@E+12/VI* ¢ XEB*E A/ (XLB-XLAY I *(EVLA-EILB)+EIB*Z1LB
CIA=¢ 1. AE+12/VI*ELAE LA

C...SET AA AND AB TO ACTIVITIES LEFT IN SEDIMINT AFTER THIS RAIN,
AACK+1)-AlAa-E1A
AE(E-11-A13-E1B

C...CALL FLOW TJ CALCULATE FLOW RATF INTD STREAM FOR RUNOFF
C FROM THIS RAIN AT TIMT J.
CALL FLOW.SRO,F1,07T1)
C WRITZ(3,72)00TL1,CLA,C1IB,F
72 FORMATCIX, 'J-LT1 =" .13," ClA =" E12.5,' CI8 =',€£12.5,'F1 ="' ,E£12.5)
C...ADD CONTRIBUTIONS FROM THIS RAIN TO PREVIOQUS SuUMS

SUMFZE=SUMFCB+C1B"fF
SUMFCA=SUMFCA+CIAYF I
SUMF =SUMF +f |
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OO0

RETURN
END

SUBROUTINE FLOW(SRO,F1,dT1)

.. .SUBROUTINE TO CALCULATE THE TIME-DEPENDENT FLOW RATE INTO
THE STREAM FOR CONTAMINATED RUNOFF RAIN WATER.

EP3=-.3811*371
[F(EP3.LT.-50.)EP3=-57.
teP3=EXP(EP3)
EPG3--.3243%0T1
IFC(EF@3.LT.-58.EPP3=-57.
EPQ3=EXP(EPOA3)
F1=-5RO*11.39*(EP3-EPB3)
RETURN

END

SUBROUTINE SUM(Y.DX,NO.S)

..TRAPEZOIDAL INTEGRATION ROUTINE FOR COMPUTING INTEGRATED
..CONCENTRATIONS IN PCI*DAY/L

DIMENSION Y( 1)

Y ARRAY HAS F(I}) VALUES

UX = EQUAL DISTANCE ODELTA X VALUES (TIMESTEPS)
$=3.9

DO 1 1=2,NO

1 S=S+{{Y¥Y(I+¥Y(1I-12)/2.8)*DX

RETURN
END

SUBROUTINE HEAD(NAMEA NAMEB L TMAX , NWSP)

...ROUTINE TO SET UP HEADINGS ON PLOTS

[NTEZER*4 NAMEA MAMEB
WRITE(2,8 )NAMEB  NWSP

8 FORMAT(3X,'78',14X,A4, 1X. WATER CONTAMINATION WSP #' 12)

WRITE(2,9)INAMEA

3 FORMAT(3X,'78',23X. PARENT IS ', A4)

WRITE(2,1d)INAMEB

10 FOPMAT(3X, 35" ,A4,1¥, CONCENTRATION IN WATER (PCI/L)")

WRITIC2,11)

11 FORMATO3X, '31TIME SINCE INITIAL FALLOUT (HR)')

WRITZ(2,12)

2 FORMAT(OX, '@, ax, "1 ,9%,"2',9¥,'3")

VRITEC2,13)

13 TORMAT(4X, 2

WRIT (2,17

17 FORMATOLIX, "3 ,aX, "1, . 1X."13.",1X."'.658")

WRITF(2,14)LTMAX

14 FORMLTOIX,'B.&" ,1X,15"

WRITEC2,15)

1S FORMAT(IX, 9.£+86" ,I1X,'1.QE+fR")

RETUON
END

SUBROUTINE TAIL(L ,X.YA,YB,YC,LTMAX,I11,NNUCS,
INAME A NAMEB L DAY ,SSA,SSB, NWSP)
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-..ROUTINE TO WRITE DATA ARRAYVS TO °LOT FILE

o000

DIMENSICN X(l).YA(l).YB(l),VC(i).SSA(l).SSB(l)
TNTESER*4 NAMEA,NAMEB
WRITI(3,32)NAMEA ,NAMEB

32 FORMAT(/,!QX.'DAV'.?X.Ad.lﬂX,Ad./)
00 42 K=1,LDAY
WRITL(3,222)6,SSA(K),SSB(K)

222 FORMAT(8X,15," S WIPLELSL3, Y LU UELSL )

48 CONTIWNUE

WRITEC(2,4L

WRITEZ 2 0% (X(LLYy LL=1,1)
VRITEC2 % YCYACLLY ., LL=1,0)
wRITIC2 .50
WRITECZ *y(X(LLY,LL=1,L)
WRITCC2 ) (YBCLLY LL=1,L)
S FORMAT(15, 1 4 5')
4 TCRMAT(15, 1 4 1)

WRITE(2, 6
FORMATUOLX, @)
I=11]
IFCT LT NNUCS)PETURN
Co . FINISHED WITH AL NUCLIDES, SET UP PLOT OF GROSS ACTIVITY
WRITE( 2,19 INWSP
19 FORMAT(3X, 73", 14X, TOTAL WATER CONTAMINATION WSP #',12)
WRITECZ,21)
21 FORMATO3X, 78, 15X, SUMMED OVER ALL NUCLIDES )
WRITE (2,20
22 FORMAT(3¥. 31GR0SS ACTIVITY IN WATER (PCI1/0L) ')
WRITI 2,110
Il FORMAT(3x., 2ITIME SINCE INITIAL FALLOUT (HR)')
WRITE(2,12)
12 FORMATIOX, "f" , 9% "1 .9%, 2" g9y, '3
WRITZ02,23)
23 FORMAT 1N, -
WRITE(2,17)
17 FORMAT(IX,'3‘.1X.'IG.'.1K,'13_'.lX.‘.GSB‘)

o

1

WRITE (2,14 T™MAX

14 fCDMAT(lY.‘P.B'.lY.IS) "
WRITZw 2,250

253 FOPMIT ) x I A T 7 .
SRITOOD gL
WRIT o0 oy Lle-lt y
WRTTS D e ey [N N ;
WSO T .ﬁ.l
DE" .",hv\"

.
Ey
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Fiqure B-10, Data plot program listing (cont).
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Figure B-10. Data plot program listing (cont).
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Figure B-10, Data plot program listing (cont).
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Figure B-10, Data plot program listing (cont).
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IFCIHIST.EQ.S) LINTYP=]
IFCINIST.EQ.4.OR. IHIST.EQ.5) CALL LINE(X,Y,NPT,1,LINTYP ITYPE/1S)
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Figure B-10. Data plot program listing (cont).




SECTION B-4

SAMPLE WSWCM PROBLEM

B-4.1 Problem Statement

The watershed of Water Supply Point Number 8 is contaminated on
July 4 with a fallout intensity of 1 R/hr at H+1 hour. Determine the
water contamination that occurs out to August 14. Use the
precipitation data given in Table B-11.

B-4.2 WSWCM Input

The user input requirements for the coiiputer program WSWCM were
described earlier in Section B-3.2. Figure B-11 illustrates the
sample problem 1nput by giving examples of the basic problem data, the
precipitation data for one of the rain events, and the radionuclide
data for one of the parent-daughter radionuclide pairs. The sources
of the data values used for the sample problem are discussed below.
Figure B-12 shows the actual data input for the sample problem.

B-4,2.1 Basic Problem Data

The problem statement specifies that the Fallout Exposure Rate of
the Watershed is 1.0 R/hr at H+l hour, R = 1.0.

The Problem Simulation Time must cover the period of July 4 to
August 14; this period is about 999 hours, LTMAX = 999,

The problem statement gave the Identification Number of the Water
Supply Point, NWSP = &.

The month in which the Problem Starts is July, MOS - /.




Table B-11. Daily precipitation data (mm) - Bad Hersfeld (1972).

Dyv Jan Feh Har Apr Hay Jun Jul Auq Sep Oct tov Lec
1 t 4.9 0.7 0.9 0.2 Tt - - -
> 3.4 3.7 3.0 t 0.8
3 t 0.3 1.3 0.2 0.2 4.9 1.7
4 t 2.5 1.8 10.0 0.7 t 0.9 0.1 0.4
5 t 3.3 0.8 0.1 t
6 0.4 3.5 t 5.5 1.1 0.3
7 t 1.1 2.3 0.4 14.0 2.4 t 10.2
8 2.0 t 1.2 1.6 5.4 0.3 0.3 0.6 1.4
3 t n.2 2.3 28.6 9.2 t 0.1
10 1. 1.4 8.9 4.6 13.5 0.4 8.3 2.5 17.9 5.2
N 0.} 1.7 t 5.5 0.6 20.8 11.3 6.8 0.1
12 t 5.2 5.0 0.1 6.9
13 0.2 0.2 0.5 0.1 3.4
13 0.1 t 25.0 t t
15 7.1 0.1 21.2 16.6 0.2
1€ 19.3 1.6 10.7 9.3 t
17 20.9 9.6 19,5
e 2.8 0. 2.5 t nd
13 t 2 5.6 1.6 0.3 1.6 nd
] t t 0.6 5.0 rd
21 0.7 12.4 t 0.6 2.8 1.8 nd
22 2.3 8.4 2C.9 3.4 0.5 6.8 0.7 nd
23 t 3.7 0.9 t 0.8 6.3 ne |
2 0 s 07 17.0 0.6 0.9 nd !
5 0. t 1.5 1.0 t 1.0
N7 1.5 3.9 0.7 7.3 2.1 4.3
b 1¢ 1 0. L7 1.2 0.3 t

t 3 S 7.¢ 5.9 1.7 5.7

n,: 1 7.0 8.1 4.2
‘ t G 43,7 13.4 t
¢ g 0.f 3.7
B-63
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o

The Number of Rains during the Problem Simulation Time, from July
4 to August 14, is determined from Table B-11, N = 21,

The Number of Parent-Daughter Radionuclide Pairs included in
Table B-1 is 22, MNUCS = 22.

B-4.2.2 Precipitation Data

The precipitation data to be used in the sample problem is given
in Table B-11. Between July 4 and August 14 there are 21 rain events.
The procedure for developing the precipitation data for WSWCM can

be shown by considering the first rain event.

The first rain event occurs on July 6, this is 2 days after the
problem starts; the Time at which the 1lst Rain Occurs is thus 48

hours, LT1(1) = 48.

As seen in Table B-11, the Amount of Precipitation in the 1st
Rain is 1.1 mm, XPO = 1.1.

The Antecedent Precipitation Index for the 1st Rain is calculated
using the method given in Section B-2.4.2. Arn example of this
calculation is given in Table B-12, APl = 21.

The Month in which the lst Rain Occurs is July, MOR = 7.

B-4.2.3 Radionuclide Data

The set of data presented in Tauvle B-1 includes 22 !
parent-daughter radionuclide pairs. The procedure for developing the |
radionuclide data for WSWCM can be shown by considering the
radionuclide Te-131w (from the Te-131m, 1-131 pair) as the first
parent radionuclide.

The [dentification Name of the 1lst Parent Radionuclide is an
abbreviation of Te-131m, NAMEA = T3IM.

B-66
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Table B-12.
Day n
July 6 na
5 1
4 2
3 3
2 4
1 5
30 6
29 7
28 8
27 9
26 10
25 1
24 12
23 13
22 14
21 15
20 16
19 17
18 18
17 19
16 20
15 21

Antecedent precipitation index calculation.

(Example for July 6)

02
30
0.9
43.7 but use 13.0
8.6
5.9

0.9
8 4

5.6

16
21.2 but use 12.0

B-67
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The Radioactive Half-Life of the lst Parent Radionuclide is the
half-life of Te-131lm; the value can be found in numerous nuclear data
reference books, THALFA = 30.

The Distribution Coefficient of the 1st Parent Radionuclide is
the Kd value for Te given in Table B-7, XKDA = 100.

The Normalized  Ground Concentration of  the Ist Parent

Radionuclide is the value given in Table B-1 for Te-13lm, GA = 13.

B-4.3 WSWCM tutput

The output provided by the computer prograit WSWCM for the sample

problem includes:

o 22 plots, one fur each parent-daughter radionuclide pair,
ot the radionuclide concentrat .on in water as a function of

time (Figures B-13 to B-234),

3 1 ¢ Tot of the composite, or total, radionuclide concentration

in water as a4 tunction of time (Figure B-35), und

o 1 tabular listing of the time-i1ntegrated radionuclide

.

concentration in water as 1 functicn of Lime for the arent-

daaghter radionuclide pairs (Toble B-13).
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Y 91 CONCENTPAYION IN WATER (PCL/L)

T3

Y 91 WATER CONTAMINATIC. WSP s 8
PAHENT 1S SRY)

el LT _ 10
! | !
i ! | ]
: ‘ f :
i . . | : ' ]
N T ‘
[ i R 415
: | ' :

- I ol T

> A Y I G A W W T Y|

—

- T

RARASM

-0v
Tim

e——

|

l ! | ! |

Vot LT LoLy [ VRN Lo 10u.00
SINUE IniIAL FRLLOU

0

3 7.0
LT

Figure B-20. Sr-31, Y-3] water contamination.
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WSP = 8
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Table B8-13. Time-integrated radionuclide concentrations.

(pCi-Day/+)
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Table B-13. Time-integrated radionuclide concentrations (cont).
(pCi-Day/«) :
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Table B-13. Time-integrated radionuclide concentrations {cont).
(pCi-Day/:)
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